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Slickwater hydraulic fracturing is a game changing technology that has enabled the oil and 
gas industry to economically develop enormous unconventional resources over the past decade. 
Despite its great success, this technology carries with it challenges such as the understanding of 
its proppant transport mechanism in induced complex fractures and predicting the developed dune 
heights. Addressing these two challenges is the primary goal of this PhD research project. 
The project was divided into two phases to achieve this goal, an experimental study and 
correlations development. For the first phase, experiments were conducted using an in-house 
designed and developed apparatus capable of simulating proppant flow in complex fractures. The 
aim of these experiments was to study slickwater proppant transport and obtain lab data for the 
correlation development phase. Brown and white sand proppants of three sizes, 100, 30/70, and 
20/40 mesh, were tested at a wide range of slurry velocities and concentrations. 
The experimental results show that sand dune formation undergoes four developmental 
stages before reaching its final shape and height. Every stage is unique in its proppant transport 
mechanism, dune build-up rate, dune shape, and particle size distribution. The settled sand grain 
size sorting is the highest for 30/70 mesh sand. A model was developed describing the anticipated 
30/70 mesh sand dune size distribution. Also, the lab results show that developed proppant dunes 
by all sand sizes and types reached heights exceeding 90% of the equilibrium dune level (EDL) at 
a slurry velocity of 14.5 ft/min and concentration of 1.00 pound-mass/gallon (ppg) indicating very 
low slickwater proppant transportability.  
The settled proppant developed an increasing height curved dune shape in the fracture slot 
which is attributed to the fracture slot wall frictional effects on proppant settling. Increasing slurry 
flow rate showed an erosional effect on developed dunes following a power law trend with EDL 
for the 30/70 and 20/40 mesh sands and linear trend for the 100 mesh sand. The slurry velocity 
erosional effect is very low relative to the increase in slurry velocity. Proppant concentration 
showed a proportional effect on EDL following a power law trend at all tested sand sizes. Smaller 
size sands showed better proppant transport and lower dune heights. The brown sand displayed a 
better proppant transport performance than the white sand attributed to its higher surface drag 
coefficient resulting in higher exerted fluid drag force. More than 90% of the proppant area in the 
primary fracture formed in the first half length of settled proppant.  
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Moreover, the study provides an experimentally based answer to the debatable question 
whether slickwater can transport proppant into tertiary fractures or not. In fact, it was found that 
proppant in slickwater is not only capable of “turning the corner” but also developing dunes 
exceeding 96% EDL of secondary and tertiary fracture slot heights. This high proppant transport 
indicates that fracture complexity is not the major limiting factor of slickwater proppant transport 
as long as enough proppant is injected. Developed dune areas in secondary fractures represent 
40.8% of the total dune area in the fractures network measured at 11.02 minutes. This indicates 
the high proppant transport capability of slickwater to secondary fractures. However, tertiary 
fractures formed very low propped area of 4.5%.  
Five types of scalable correlations were developed for both white and brown sands that can 
predict dune heights at a wide range of flow rates, proppant concentrations, and median diameters. 
These correlations are categorized by their dependent variables. The first and second types are 
velocity (V) and concentration (C) based correlations, respectively, while the third and fourth types 
combine both V and C in their correlations, V/C based correlations. The fifth type provides a much 
more capable correlation than the other types as it can predict proppant dune height at any median 
diameter in addition to velocity and concentration within the tested values.  
The developed correlations were verified by comparing their predicted values to the lab 
data. All correlations showed very low average errors ranging from 0.17% to 0.76%. The fifth 
correlation was compared to the only published correlation that can predict slickwater proppant 
dune height at field applicable conditions by Wang et al. (2003). Both correlations showed close 
values at 30/70 and 20/40 mesh sands but showed large variations at the 100 mesh sand which is 
attributed to the lack of small size proppants in the lab data used by Wang et al. (2003). 
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For over a decade, the development of oil and gas shales has been on the rise worldwide, 
becoming more popular as the global energy demand increases with limited and depleting 
conventional reservoirs. These shale reservoirs have increased the world’s oil and gas proved 
reserves and production capacity. For instance, in the United States, gas shale development 
substantially increased the natural gas proved reserves from 177 trillion cubic ft (TCF) in the year 
2000 to 304.6 TCF in 2010, representing 31% of the US proved natural gas reserves at that time 
(US EIA 2013a). This increase in natural gas reserves in the United States was accompanied by a 
gas production increase from around 18 to 23 TCF annually (28% increase in production). Future 
forecasts indicate that the role of shale gas production in the United States will keep increasing to 
reach 50% of the total gas production (US EIA 2013b). These numbers demonstrate the 
significance of the shale plays and their crucial role in future energy supplies.  
The unconventional nature of shale reservoirs has made them very challenging to 
economically develop and produce. However, with certain technical advancements in the industry, 
these unconventional resources were transformed into proved reserves, contributing to the world’s 
energy market. The four major enabling technologies to the success of shale development are 
slickwater hydraulic fracturing, horizontal drilling, increased fracture stages, and simultaneous or 
sequential fracturing (King 2010). As it is the focus of this PhD research project, Section 1.1 
spotlights slickwater and one of its major technical challenges, proppant transport.  
  
1.1 Slickwater Hydraulic Fracturing  
Slickwater hydraulic fracturing is a novel technology that made it possible for the industry 
to economically develop nano-darcy shale formations. The first modern application of this 
technology in shales development was in the Barnett shale in 1997 by Mitchell Energy Company 
(King 2010). They noticed a triple increase in production with much more sustainable flow rates 
as shown in Figure 1.1. This encouraged other companies to switch from conventional gelled and 
foamed fluids to slickwater for shale development. It is important to highlight that slickwater 
fracturing fluid is not always the best option for shales as there are other determining factors such 




Figure 1.1: Gained gas production from the Barnett shale after using slickwater (from King 
2010). 
The great success achieved with slickwater fracturing fluids is attributed to several 
advantages offered by its low viscosity and low chemical content. These advantages include 
substantially increased complexity of induced fractures compared to conventional fluids. The 
higher fracture complexity appears to increase the effective stimulated reservoir volume (SRV) 
and, hence, increases production. A field case showing the effect of using slickwater on SRV is 
presented in Figure 1.2. The figure shows an increase of SRV from 430 to 1450 ft3 when slickwater 
was used instead of a cross-linked fracturing fluid (King 2010).  
 
 
Figure 1.2: Reservoir stimulated volume comparison by XL Gel Frac and slickwater in Barnett 
shale (from King 2010). 
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Another advantage offered by slickwater is its reduced fracturing fluid formation damage 
effect due to its minimal chemical additives. Normally, the chemical composition of slickwater 
contains a friction reducer (5 to 10 pound-mass/1000 gallons (pptg) of polyacrylamide) and biocide 
(0.005 to 0.1% of quaternary amine), oxygen scavenger, and scale inhibitor. The lower gel 
formation damage potential of slickwater increases the productivity of the induced fractures. Also, 
the low chemical additives makes slickwater a cost effective fracturing fluid. In addition, due to 
its simple fluid system, slickwater can be recycled and used in subsequent wells which can be a 
cost saving factor (King 2010).  
Despite its great success, slickwater technology still faces challenges that can affect its 
performance. One of the key challenges is its weak proppant transport ability caused by its very 
low viscosity, almost water-like. Slickwater’s poor proppant transport can result in significantly 
reduced propped fracture half-length and height and, hence, lower conductivity and productivity. 
This disadvantage is large and can be critical in areas where hydraulic fractures rely more heavily 
on proppant for production (Palisch et al. 2010).  
 
1.2 Project Motivation and Contribution  
Slickwater proppant transport in complex fractures is not well understood in the industry and 
very limited related work exists in literature. In fact, only one study was found in the literature, 
conducted by Sahai et al. (2014), evaluating slickwater proppant flow in secondary fractures. This 
PhD research project expands this work by introducing roughness to the fracture slot walls and 
including tertiary fractures to the apparatus design to answer the question whether slickwater can 
transport proppant into tertiary fractures or not. This project enhances the understanding of 
proppant flow in complex fractures and builds a better picture about the associated propped 
conductivity.  
In addition, the industry lacks predictive correlations to estimate the developed proppant 
dune height by slickwater. The height of the developed proppant dune is crucial for optimizing 
proppant and fluid volumes design and for accurate conductivity estimation. A major focus area 
of this research work is to develop predictive correlations for proppant dune height as a function 
of slurry flow rate, proppant concentrations, and median diameter. This research project also 
studies the proppant transport mechanism in effort to estimate the proppant length inside fractures 
and size sorting of settling proppants.   
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The intended contribution of this research to the industry is to help in optimizing hydraulic 
fracturing treatments for cost effective designs and enhanced oil and gas production from shale 
reservoirs. This optimization includes selecting the right pump flow rate and proppant 
concentration and size to achieve the desired fracture propped height. Also, this study, for the first 
time, provides an experimentally based answer to key questions such as proppant flow in tertiary 
fractures and settled proppant size distribution, which are key in building more realistic 
conductivity models. Achieving a better conductivity simulation of propped fractures in slickwater 
helps to optimize the overall treatment design and cost.  
 
1.3 Project Objectives 
The ultimate goals of this PhD research project are to conduct an experimental study 
evaluating the effects of key parameters (slurry flow rate, proppant concentration, median diameter 
and grain shape) on slickwater proppant transport and develop an experimentally based 
correlations to predict slickwater proppant dune heights. The research project achieves its goals 
through a series of objectives as listed below: 
1. Design and build a laboratory apparatus that is capable of experimentally studying proppant 
transport in complex fractures and contains rough surface slot walls;  
2. Conduct experiments to evaluate the effect of the parameters below on slickwater proppant 
transport: 
a. Proppant size 
b. Proppant concentration 
c. Slurry flow rate 
d. Proppant grain shape 
3. Study slickwater proppant transport in complex fractures; and, 
4. Develop correlations to predict proppant dune height in slickwater as a function of slurry flow 








Proppant transport in slickwater has been a topic of great interest to both the oil and gas 
industry and academia for the crucial role that proppant plays in conductivity and productivity of 
induced shale fractures. Over the past decades, many researchers have studied different areas 
related to slickwater proppant transport but there are still many unanswered questions and 
predictive correlations needed to be developd. This chapter spotlights the importance of proppant 
transport in slickwater, shares previous research findings, and explains the controlling parameters 
behind slickwater proppant transport. Part of the literature review highlights limitations and 
potential research areas in the published literature work within this topic.  
 
2.1 Proppant Conductivity  
Proppant is added to fracturing fluid to provide support to the open induced fractures for 
sustaining a sufficient conductivity after the fracturing fluid pressure is released and the well is put 
on production. There are different sieve sizes into which proppants are grouped starting from 100 
mesh for the small range to 16/30 for the large range.  
Also, proppant grain shapes vary in their sphericity, being more spherical for ceramic 
proppant and more angular for sand proppant. Ceramic type proppants are mainly used in high 
stress formations where the grain material needs to be strong enough to withstand high stresses 
(Palisch et al. β010). The density for sand proppant is β.65 g/cc while the other proppant types’ 
densities can range from less than 1.0 g/cc for ultralightweight proppant to more than 3.0 g/cc for 
sintered bauxite (Rickards et al. 2006).  
The proppant transport of injected slurry needs to effectively cover large areas of the induced 
fractures (height and length) for sufficient conductivity. A study conducted by Warpinski et al. 
(2009) indicates that proppant placement in tight shales is critical, and a low propped fracture area 
can have a significant impact on unconventional gas production, as shown in Figure 2.1. Therefore, 
it is essential to ensure that proppant is sufficiently transported with adequate amounts in induced 






Figure 2.1: Fracture conductivity effect on shale gas production (from Warpinski et al. 2009). 
2.2 Slickwater Proppant Transport  
One of the key challenges facing slickwater fracturing fluid is its poor proppant transport 
capability which is attributed to its very low almost water-like viscosity. As a result, slickwater is 
believed to have shorter effective fracture lengths and heights than conventional gelled fluids. This 
disadvantage can be vital in some shale formations where large propped areas are needed for 
effective fracture conductivity and, hence, productivity (Palisch et al. 2010).  
 To address the proppant transport concern of slickwater, operators frequently pump massive 
amounts of water and proppants at high rates. For example, a horizontal well in the Barnett shale 
receives a proppant amount of 500,000 to 1,000,000 pound-mass (lbs) and a fluid volume of more 
than 600,000 gallons per stage. Also, the pump rate can reach 100 barrels per minute (BPM). To 
avoid a high settling rate, slickwater slurry concentration is kept low at values, much lower than 
gelled fluids ranging from 0.25 to 2.5 lbs/gallon (ppg) (King 2010). Sweeping with clean water is 
employed sometimes to erode settled proppant and transport it further inside the fractures (Palisch 
et al. 2010).  
 
2.2.1 Transport in Primary and Subsidiary Fractures  
Slickwater’s proppant transport and settling were evaluated and demonstrated 
experimentally by several researchers in the past. The first work in this area was conducted in 1959 
by Kern et al. Their work studied proppant settling in slickwater using an apparatus with a 22 
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inches long by 7.5 inches high slot and 0.25 inch flow channel width. Their study shows that the 
proppant pumped early in the treatment settles nearest to the fracture entrance, as shown in 
Figure 2.2. This observation has made many operators lead their slickwater slurry with larger and 
stronger proppants (Palisch et al. 2010).  
 
 
Figure 2.2: Schematic demonstrating sand settling in the fracture slot (from Kern et al. 1959). 
Kern et al. (1959) also noticed that the settling proppant developed a dune that kept 
increasing in height with time until reaching a constant value where all injected proppant is 
transported further inside. This height is called the “equilibrium dune height” (EDH). More recent 
experimental work by Barree and Conway (1995), Brannon et al. (2006) and Sahai et al. (2014) 
confirmed similar findings to Kern et al. (1959).  
Further work was conducted by Sahai et al. (2014) to evaluate proppant flow in secondary 
fractures. Their study used smooth surface Plexiglas sheets to build a primary fracture slot with 
intersecting secondary fractures, as shown in Figure 2.3. Sahai et al. (2014) concluded that 
proppant was able to flow into secondary fractures by turning the corner while travelling with the 
fluid and by gravity effect after settling in the primary fracture. Also, the study evaluated the water 
sweeping effect on dune height which was found to be of significant effect, as shown in Figure 2.4. 
Another interesting observation by Sahai et al. (2014) is that they noticed proppant size segregation 
in the fracture slots. Smaller proppant was found in higher concentration in the secondary fractures, 




Figure 2.3: Schematic of the fracture slot configurations, top view (from Sahai et al. 2014). 
 
Figure 2.4: Sand dunes in the primary and secondary fractures get eroded with water showing the 
significance of the sweeping effect on settled proppant (from Sahai et al. 2014). 
2.2.2 Transport Mechanisms 
The proppant transport capability of slickwater after reaching the equilibrium dune height 
was evaluated experimentally and shown to take three forms, suspension, saltation, and rolling. 
These mechanisms take place at the same time after reaching the equilibrium dune height but their 
rate of transport is different and they carry different proppant grain sizes as explained in 
Sections 2.2.2.1 - 2.2.2.3 (Patankar et al. 2002).  
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2.2.2.1 Transport by Rolling and Sliding 
The rolling and sliding mechanism is considered to be the slowest transport mechanism as 
it transports the largest proppant grains. This mechanism takes place as a result of the high drag 
and lifting forces exerted by the slurry on settled proppant causing them to roll forward in the 
direction of the slurry as demonstrated in Figure 2.5. Proppant rolling and sliding starts at a certain 




Figure 2.5: Schematic demonstrating the three proppant transport mechanisms, rolling, saltation, 
and suspension. 
2.2.2.2 Transport by Saltation 
The saltation transport mechanism is faster and requires a higher flow velocity than 
transport by rolling and sliding. The slurry velocity in this mechanism is high enough to apply a 
sufficient lifting force that overcomes the weight of the proppant grain lifting it from the mound 
while travelling forward by the slurry drag force, as demonstrated in Figure 2.6. The grain weight 
in this study refers to the gravitational force applied on the grain. The lifting force results from the 
pressure drop difference between the upper and lower surfaces of the grain generated by higher
velocity lines underneath the grain. After leaving the dune, the lifting force starts to decrease as 
the velocity lines difference across the grain top and bottom surfaces become lower. The grain 
reaches a point where it loses its upward motion and the gravity force takes over resulting in a 







Figure 2.6: The three acting forces on a settled grain by the moving slurry: lift, drag, and gravity 
forces. 
2.2.2.3 Transport by Suspension  
Proppant grains can transport via suspension when the carrying fluid exerts very high drag 
and lifting forces. Usually, very small grains are transported via suspension as their weights are 
not high enough to overcome the fluid drag forces exerted at their bottom surfaces. Therefore, they 
keep travelling as suspended particles until the slurry loses its high velocity. Figure 2.7 shows the 
different transport mechanisms as a function of the Shields shear stress and grain diameter. Shields 
shear stress is proportional to slurry velocity as discussed in Section 2.2.5 (Patankar et al. 2002).   
 
 
Figure 2.7: The three proppant transport mechanisms as function of Shields shear stress and 
grain diameter (from Southard 2006); D and τo stand for the particle diameter and flow shear 
stress, respectively.  
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2.2.3 Transport Controlling Factors 
Slickwater proppant transport depends mainly on eight factors: slurry velocity, fracture 
width, carrying fluid density and viscosity, and proppant diameter, shape, density, and 
concentration. These factors vary in their magnitude and effect on proppant transport (Gadde et al. 
2004; Southard 2006). Sections 2.2.3.1 - 2.2.3.7 describe in detail these controlling factors and 
related literature findings.   
 
2.2.3.1 Proppant Diameter  
Increasing the proppant diameter leads to a higher proppant settling rate and reduces the 
slickwater transport ability. This is attributed to the increased proppant weight at larger diameters. 
The higher proppant weight makes it harder for the fluid to lift the grains resulting in more settling 
and larger dune heights. In addition to the weight effect, larger grains are exposed to more friction 
effect by the fracture walls and more particle-particle interaction hindering their velocity, resulting 
in more settling (Liu and Sharma 2005).  
 
2.2.3.2 Proppant Shape 
The proppant shape is believed to have an effect on slickwater proppant transport. This 
effect has not been evaluated yet but there are indicators of its existence. The shape of the proppant 
grains vary from angular and low sphericity to rounded and more spherical shapes. Figure 2.8 
shows a chart classifying the proppant grain shape based on roundness and sphericity. Increasing 
the angularity of the proppant grain has two competing effects on proppant transport.  
The first effect is related to the fluid drag force exerted on the grain. Angular grains 
experience higher fluid drag forces than rounded ones, which increases their velocity and 
transportability. The higher drag forces are attributed to the larger drag coefficient for angular 
grains, as shown in Figure 2.9 (Southard 2006). The shape factor (Sf) describes the degree of 
sphericity of a grain where Sf is equal to one for a perfect spherical shape and 0.7 for angular sand 
grains (Wu and Wang 2006).  
For the second effect, increasing the drag coefficient of a grain results in increasing the 
drag force by the fracture walls on the grain hindering its velocity and increasing its settling 
tendency (Southard 2006). Which effect of grain shape is more important on slickwater proppant 




Figure 2.8: Roundness and sphericity chart; rmax-in, rmin-cir, ri, and N are defined using the circular 
grain shape next to the chart (from Cho et al. 2006). 
 
Figure 2.9: Drag coefficient (Cd) as a function of Reynolds number (R) for different grain shapes 
described by Sf which measures the degree of a grain sphericity, 1.0 being a perfect sphere (from 
Wu and Wang 2006). 
2.2.3.3 Proppant and Carrying Fluid Densities 
The proppant and carrying fluid densities are very critical factors in the transport process. 
Their values determine the net force between gravity and buoyancy forces acting on the proppant. 
If the gravity force is higher than the buoyancy force, the proppant settles and needs a lifting force 
by the slurry to transport it. If the buoyancy force is equal to the gravity force, proppant is 
suspended even if there is no slurry flow (Patankar et al. 2002). The net force of the buoyancy and 
gravity forces is presented in Equation 2.4 and derived from Equations 2.1 - 2.3.  
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 �δavity�foδce� �G = ( )(V ) g  (2.1) 
 Buoyancy�foδce� � = (V ) g  (2.2) 
Where,  
 g  = Gravitational acceleration rate, 9.81  [ ] 
   = Grain density,  [ ] 
    = Fluid density,  [ ] 
 V   = Grain volume, m  [Length ] 
 R  = Grain radius, m [Length] 
 
Net force (Fnet) is equal to:  
 � = �G − �  (2.3) 
 
Substituting for �  and �G from Equations 2.1 and 2.2: � = ( )(V ) g − (V ) g = (V ) g ( − )  
 
Substituting for V  using the sphere volume equation: 
 � = � �R g ( − ) (2.4) 
 
2.2.3.4 Proppant Concentration 
The proppant concentration has an important effect on slickwater proppant transport. 
Higher proppant concentration increases the proppant settling rate and develops larger dunes. 
Experiments conducted by STIM-LAB Inc. show that lowering the proppant concentration results 
in fluidization of the settled proppant bed and, as a result, reducing its height (Woodworth and 
Miskimins 2007). The particle-wall analogy offers an explanation to the proppant concentration 
effect on settling. This analogy states that increasing the concentration results in decreasing the 
available area for a particle to flow and, hence, increasing its wall-particle interaction. This 
increases the drag force on the particle which is equivalent in magnitude to a drag force on a single 
particle flowing in a much reduced fracture width, called the effective fracture width. The higher 
drag force on the particle lowers its velocity causing it to settle (Gadde and Sharma 2005). 




Figure 2.10: The particle-wall analogy showing particles interaction effect is equal to one 
particle with lower fracture width (Wc) (from Gadde and Sharma 2005). 
The relationship between the actual fracture width (W) and the fracture width after 
including the concentration effect (Wc) is presented in Equation 2.5 (Gadde and Sharma 2005). As 
can be seen from this equation, the effective fracture width is equal to the actual fracture width 
only when the Wc term is equal to zero. In addition to the increased wall drag effect, Barree and 
Conway (1995) reported that increasing the proppant concentration above 10% forces particles to 
move away from the flow highest velocity point, the centerline, and, as a result, reducing their 
average velocity. The flow velocity lines profile is demonstrated in Figure 2.11. Gadde and 
Sharma’s (β005) work provides confirming experimental results to Barree and Conway’s (1λλ5) 
finding, as shown Figure 2.12.  
 
 W = W − W  (2.5) 
Where,  
 W = Actual fracture width, inch [Length] 
 Weff  = Effective fracture width, inch [Length] 
 Wc = Fracture width with proppant concentration effect, inch [Length] 
 
  W = . × D −W × C .  (2.6) 
Where,  
 Cv  = Proppant volume concentration, vol. % [ ] 




Figure 2.11: Schematic showing the slurry velocity (Vf) lines profile being highest in the middle 
which is similar to the particle velocity (Vp) (from Gadde and Sharma 2005). 
 
Figure 2.12: Increasing proppant concentration (C) reduces its average velocity (from Gadde and 
Sharma 2005). 
2.2.3.5 Slurry Velocity 
Slurries with higher velocities have better proppant transport ability and build shorter 
proppant dunes with longer lengths (Brannon et al. 2006). This is attributed to the higher drag and 
lift forces achieved with faster flows. There is a certain velocity called “critical velocity” where 
proppant stops settling (reaches equilibrium dune height) and all injected proppant is transported 
further inside. The effect of increasing the slurry velocity on the equilibrium dune height was 
experimentally studied by Brannon et al. (2006) and using different proppant densities, as shown 




Figure 2.13: Slurry velocity effect on equilibrium bed height for three different proppant types 
(from Brannon et al. 2006). 
2.2.3.6 Carrying Fluid Viscosity 
Higher carrying fluid viscosity enhances its proppant transportability. This is attributed to 
the increased drag forces exerted on the proppant by the more viscous fluid. If the viscosity is high 
enough as in cross-linked gels, the fluid drag or shear forces can suspend proppant even if the fluid 
is stagnant. For slickwater, usually the viscosity is very low, water-like, and, therefore, suspension 
is not expected at low velocities. Increasing the viscosity of slickwater increases its drag force 
effect resulting in more proppant transport (Southard 2006).  
 
2.2.3.7 Fracture Width 
Changing the fracture width can have an effect on proppant transport, but it is not as 
significant as the other parameters relative to field numbers. The fracture walls exert a drag force 
on the travelling particles which increases with decreasing the fracture width. The higher drag 
forces in narrower widths lowers the particle velocity and increases their settling rate (Liu and 
Sharma 2005). However, the effect of reducing fracture width on particle settling velocity was 
evaluated by Liu and Sharma (2005) and found to be of non-significant value. For slickwater, they 
found that decreasing the fracture width from unbounded flow to almost 1.3 times the size of the 
proppant diameter results only in a reduction of 10% of the settling velocity, as shown in 
Figure 2.14. Brannon et al. (2006) confirmed similar findings when they evaluated the effect of 




Figure 2.14: Fracture width and fluid viscosity effect on proppant settling rate (from Liu and 
Sharma 2005). 
2.2.4 Proppant Settling Velocity  
The settling velocity is the velocity at which proppant settles to the bottom of the fracture 
measured in length per time. It is an important parameter that helps in quantifying the 
transportability of different fluids and proppants. The settling velocity is sometimes called the 
settling rate, and it is a function of the flow velocity, fracture geometry, fluid rheology, and 
proppant properties and concentration. When the settling velocity is zero, it indicates that the 
equilibrium dune height is reached (Gadde et al. 2004).  
Most of the settling velocity work in literature was for vertical flow conditions. In this 
scenario, fluid is injected vertically in the upward direction while particles settle in the opposite 
direction. However, in slickwater proppant settling, the story is different as the slurry flows in the 
horizontal direction. This represents a major difference as the acting forces on the proppant grains 
are completely different in orientation and magnitude. Despite these differences, proppant 
transport models in the industry and literature heavily depend on the vertical settling velocity for 
its simplicity and available correlations (Palisch et al. 2010).  
 
2.2.4.1 Stokes’ Equation 
Stokes (1851) was the first to evaluate the settling velocity of a sphere falling in a stagnant 
fluid. His equation is widely used in the industry to estimate slickwater proppant settling tendency. 
To develop this equation, Stokes simplified the settling problem by assuming laminar flow 
conditions where the Reynolds number is far below one (Re << 1), and there is no particle-particle 
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interaction, no wall effect, and perfect spherical particle shapes (Palisch et al. 2010). Under such 
conditions, the drag force on the particle as it falls is assumed to be only due to viscous forces 
which results in a simplified drag force equation as shown in Equation 2.7 (Southard 2006). The 
drag force presented in this equation uses the highest drag coefficient value due to its very low 
Reynolds number, as shown in Figure 2.15.  
 
 � =  � � �R�V  (2.7) 
Where,  
 �  = Drag Force, N [ �×� ] 
   = Fluid viscosity, ×  [ �×� ] 
 R = Particle radius, m [Length] 
 V   = Particle settling velocity, �  [ ] 
 
 
Figure 2.15: Drag coefficients for spheres as a function of Reynolds number evaluated 
experimentally (from Turton and Levenspiel 1986). 
As the particle starts to fall, there are three forces acting on it, drag, gravity, and buoyancy 
forces. The gravity and buoyancy forces have a net force as shown in Equation 2.4. Stokes 
considered a sphere with a density higher than the fluid’s density and, therefore, the net force 
acting on the sphere is in the downward direction causing the sphere to accelerate downward. 
While the sphere is falling, there is an opposing drag force by the fluid which increases with the 
particle acceleration. The sphere keeps accelerating until it reaches a certain velocity where the 
upward drag force is equal to the downward buoyancy and gravity net force. At this velocity, the 
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particle stops accelerating and reaches a velocity defined by Stokes as the settling velocity shown 
in Equation 2.10 (Gadde et al. 2004). 
 
At the settling velocity, 
 Dδag�foδce� � = net�foδce� � of�buoyancy�and�gδavity�foδces (2.8) 
 
Substituting for FD and Fnet from Equations 2.4 and 2.7, 
 � � �R�V = �R g ( − ) (2.9) 
 
Solving for the settling velocity (V ), 
 V = �( − )�R �g (2.10) 
 
Considering the actual field conditions of non-laminar flow, proppant particle interaction, 
wall effects, irregular shapes of proppant, and the different orientation and magnitude of forces, it 
can easily be predicted that Stokes equation doesn’t yield a reliable result for estimating slickwater 
proppant settling velocities. However, it is frequently used to get an idea about settling rate and 
sometimes modified with correction factors (Palisch et al. 2010). 
 
2.2.4.2 Hindered Settling Velocity 
Stokes’ (1851) equation was developed for a single particle in a stagnant fluid. Richardson 
and Zaki (1954) developed a power law settling velocity equation for falling particles in an upward 
water stream. They found that increasing the particles’ concentration reduces their settling 
velocity. This was attributed to the increased average fluid velocity due to lower available area for 
fluid flow at higher concentrations. Equation 2.11 shows the Richardson and Zaki (1954) 
correlation as a function of the particles concentration and the Reynolds number.  
 
 V = V − CV  (2.11) 
Where,  
 V  = Settling velocity of the concentrated particles,  [ ] 
 V  = Settling velocity of a single particle,  [ ] 
 CV = Particles volume concentration, vol. % [ ] 
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The exponent, , depends on the fluid’s Reynolds number around the particle, as shown below,  = .  For  Rep < 0.1 = . (Re )− .  For  0.1 < Rep < 1 = . (Re )− .  For  1 < Rep < 400 = .  For  Rep > 400 
 
Where,  Re = V ×ν , Dimensionless 
  = Kinematic viscosity,   [ ] D  = Particle diameter, m [Length] 
 
The power law equation developed by Richardson and Zaki (1954) relating single settling 
velocity to multiple particles’ settling velocities was confirmed by other researchers. However, 
these researchers, Rowe (1987), Wallis (1969), Garside and Al-Dibouni (1977), and Di Felici 
(1λλλ), found different values for . Figure 2.16 shows  curves from the different researchers 
versus the particle’s Reynolds number (Ramsdell and Miedema 2010).  
 
 
Figure 2.16: Hindered settling velocity power law equation slope, , at different particle’s 
Reynolds numbers according to different researchers (from Ramsdell and Miedema 2010). 
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2.2.5 Critical Velocity  
Most of the work in literature in particle transport focuses on the critical velocity which is 
defined as the minimum velocity required to move a particle laying on a horizontal dune surface. 
Shields started the early work in this area in 1936 where he developed Shields constant (S) defined 
as the ratio of the fluid force to the particle gravity force. The fluid force is represented by the flow 
shear stress on the particle while the particle gravity force is represented by the particle diameter, 
the difference between the fluid and particle densities, and gravitational acceleration, as shown in 
Equation 2.12 (Southard 2006). Shear stress in the Shields equation is referred to as the critical 
shear stress (τc) which is the required shear stress to roll a certain particle in a certain fluid forward. 
Shields conducted an experimental study to measure Shields constants for different particle 
diameters and densities as a function of Reynolds numbers as shown in Figure 2.17.  
 
 S = �τD × g × ( − ) (2.12) 
Where,  S = Dimensionless critical shear stress, sometimes referred to as (τ*) τ  = Critical shear stress, ×  [ �×� ] g = Gravitational acceleration, 9.81  [ � ] 
  = Grain density,   [� ] 
  = Fluid density,  [� ] 
 
 




Liu (1957) extended the work by Shields to evaluate the critical shear velocity defined as 
the required shear velocity to move settled particles. The study conducted by Liu (1957) was for 
flumes with conditions to a certain degree similar to a slot flow. He defined the critical shear 
velocity as the square root of the fluid’s shear stress divided by its density, as presented in Equation 
2.13. The ratio of the critical shear velocity to the settling velocity was measured and plotted as 
function of the Reynolds number, as shown in Figure 2.18. Curve A in the figure shows the shear 
velocity required for particles rolling where Curve B represents the shear velocity required to 
create ripples (Biot and Medlin 1985).   
 
 U∗ = √τ  (2.13) 
Where,  U∗ = Slurry shear velocity,  [ ] τ   = Shear stress, ×  [� �× ] 
 
 
Figure 2.18: Critical shear velocity values at different Reynolds numbers (from Liu 1957). 




Biot and Medlin (1985) used the work by Shields (1936) and Liu (1957) with experimental 
data from Medlin et al. (1985) to measure the critical flow velocity for proppant transport in a slot. 
They developed criteria for the transport mechanism based on the slurry flow and particle settling 
velocities as shown Table 2.1. For suspending a particle, they found that the flow velocity has to 
be ten times greater than the particle settling velocity while the saltation and rolling mechanisms 
showed lower slurry velocity requirements.  
 
Table 2.1: Transport mechanisms at different ratios of particle settling to flow velocities (Biot 
and Medlin 1985). 
Transport mechanism 
Settling velocity to flow velocity ratio 
(Vs/V), dimensionless 
Rolling Vs/V > 0.9 
Saltation 0.1 > Vs/V > 0.9 
Suspension Vs/V > 0.1 
 
 Brannon et al. (2007) conducted laboratory slot flow tests and used the Biot and Medlin 
(1985) criteria to build a correlation for the required flow velocity to suspend particles shown in 
Equation 2.14. This study used parallel and smooth surface Plexiglas plates with a 0.25 inch 
fracture width and a height of 22 inches. They used a proppant concentration of 1 lb/gallon (ppg) 
and a slurry flow rate of 25 gallons per minute (equivalent to 27.3 ft/min). The Stokes equation 
was used in their work to estimate the proppant settling velocity.  
 
 M�V = � . × D ×�(S� − S� ) (2.14) 
Where,  
MHVST  = Minimum horizontal velocity, ft/s [ ] D  = Proppant median diameter, mm [Length] 
µ = Viscosity, cp [ �× ] S�   = Proppant specific gravity, Dimensionless S�   = Fluid specific gravity, Dimensionless 
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2.3 Potential Research Areas  
There is a great amount of research work that has been done to address different topics 
related to slickwater proppant transport. However, there still exists many potential areas for further 
research and improvement. Sections 2.3.1 - 2.3.5 highlight some of these areas that are related to 
the scope of the PhD thesis.   
 
2.3.1 Experimental Apparatus  
The proppant transport experiments in the reviewed studies were conducted using smooth 
surface Plexiglas slot walls except for one study by Liu and Sharma (2005). In their study, they 
used a silicon layer added to the slot walls to simulate actual rock surface. The simulation was 
done by imprinting an actual rock surface into the silicon layer and letting it dry. This may provide 
an irregular surface but silicon is a flexible material and may not provide a sufficient rough surface
and associated drag force. Also, this study focused on evaluating proppant settling velocities using 
a very small scale fracture slot with a height of 1.85 inches and length of 19.70 inches. In this PhD 
thesis, an apparatus with rough fracture slot walls was designed to conduct experiments and obtain 
the required lab data to develop dune height correlations.  
 
2.3.2 Grain Shape and Size 
The particle shape and size have an effect on the exerted fluid flow and fracture wall drag 
forces as was previously presented. The magnitude of this effect on proppant transport and dune 
height development has not been fully evaluated or quantified. It is part of this PhD thesis’ scope 
to evaluate the sand grain shape and size effects on slickwater proppant transport using white sand 
(rounded with high sphericity) and brown sand (angular with low sphericity) at three different 
sizes, 100, 30/70, and 20/40 mesh.  
 
2.3.3 Proppant Concentration and Flow Rate 
Slurry concentration and flow rate effects on proppant dune height were experimentally 
studied by Brannon et al., (2005) and it was found to be the only published study that covers this 
area. However, their work focused on a high proppant size range, 20/40 mesh, and was conducted 
using very high slurry velocity values relative to field application (tests were mostly conducted 
within 30 to 160 ft/min). In addition, smooth wall fracture slots were used in the testing which has 
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a large impact on proppant settling as concluded by Liu and Sharma (2005) and this PhD research 
thesis. Moreover, the relationship between the equilibrium height and these two parameters hasn’t 
been completely established. In this research work, these parameters are evaluated separately and 
combined to develop correlations and relationships with the dune equilibrium height.  
 
2.3.4 Proppant Transport in Subsidiary Fractures 
Proppant transport in secondary fractures was evaluated by one published study by Sahai 
et al. (β014). In their study, they used smooth surface fracture slots which don’t account for 
frictional effects on the settling rate and proppant transport. For the tertiary fractures, there was no 
published work in this area located during this literature review. The design of the apparatus in 
this research project includes a network of secondary and tertiary fractures.  
 
2.3.5 Proppant Dune Height Correlation 
The reviewed literature shows very limited experimental research work on slickwater 
proppant dune height correlations. In fact, only two experimental correlations were found. The 
first one was by Babcock et al. (1967) who conducted experiments using smooth surface Lucite 
sheets for the fracture slot walls. They used extremely high slurry flow rates in their tests that don’t 
simulate actual field conditions. Their tested flow velocities ranged from 120 to 480 ft/min while, 
in actual hydraulic fracture work, slurry velocity is mostly below 50 ft/min.    
The other and more famous correlation was developed by Wang et al. (2003) using 
experimental data generated by STIM-LAB Inc. They developed a bi-power law equation that has 
the general form shown in Equation 2.15 and consists of five dimensionless parameters. This 
equation is intended to predict the gap height based on the Reynolds numbers of the fluid, proppant, 
and sedimentation velocities. The gap height is defined as the height difference between the dune 
and the total fracture heights.  
 
 �W = c × R × RP (2.15) 
Where,  c����� = − . × − ln RG + . × − , Dimensionless  m��� = . − . × − × − . × [ . − ln RG ], Dimensionless  n���� = − . × ln RG − . , Dimensionless  
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H  = Gap height, ft [Length] 
W = Fracture width, ft [Length] 
RG  = Gravity Reynolds number, Dimensionless 
Rf  = Fluid Reynolds number, Dimensionless 
RP  = Proppant Reynolds number, Dimensionless 
  = Fluid gravity Reynolds number, Dimensionless 
 
The developed correlation by Wang et al. (2003) does not account for wall friction effects 
on proppant settling as they used smooth slot walls to conduct their experiments. Minimizing the 
frictional effect could have a major impact on proppant settling resulting in lower dune heights as 
concluded by Liu and Sharma (2005). Also, most of their experimental data used to develop their 
correlation contained large proppant sizes, 20/40 mesh and larger, while the smallest proppant size 
was 40/60 mesh. Also, their study didn’t take the grain shape effect into consideration as sand and 
ceramic proppants were considered different only based on their density variations. This PhD study 
provides dune height predictive correlations for the white and brown sands using a rough slot wall 
apparatus and experimental data conducted over a wide range of proppant sizes, concentrations, 




EXPERIMENTAL APPARATUS AND PROCEDURE 
3  
Experiments were conducted using an in-house designed and developed flow slot apparatus 
capable of simulating proppant flow in complex fracture networks. This apparatus was used then 
to conduct experiments using a developed test matrix covering a wide range of key parameters and 
using values close to field conditions. The collected data was analyzed using different methods 
based on the objectives. This chapter describe in detail the apparatus, test materials, parameters 
lab scaling, tests design, and experimental procedure.  
 
3.1 Experimental Apparatus 
The experimental apparatus was developed with special design considerations to study 
slickwater proppant transport in complex fractures using rough slot walls across a wide range of 
slurry flow rates and proppant concentrations. This apparatus was designed to ensure high 
accuracy of lab data and test repeatability. It consists of a proppant hopper, mixing tank, mixer, 
slurry pump, flow meter, flow lines, variable frequency drive (VFD), fracture slots, and water 
tanks. A schematic of the apparatus is shown in Figure 3.1. 
 
 
Figure 3.1: Schematic of the proppant transport testing apparatus.
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3.1.1 Proppant Hopper 
The proppant hopper is used to store proppant and regulate the proppant mass flow rate into 
the mixing tank. The mass flow rate is regulated using a disk attached at the bottom of the sand 
hopper. The disk has several ports that are drilled at specific diameters. Proppant mass flow rate 
through each port diameter is measured and recorded in pounds-mass/minute (lbm/min). The 
hopper has a cylindrical shape and is made out of Plexiglas material. A funnel is placed underneath 
the disk port to channel falling proppant through a pipe into the mixing tank. A proppant vibrator 
is attached to the proppant hopper to provide vibration that evens out the proppant flow and 
prevents blockage at the hopper outlet ports. The hopper can hold about 100 lbs of proppant. 
Figure 3.2 shows a picture of the proppant hopper.  
 
 
Figure 3.2: Picture of the proppant hopper and associated components. 
3.1.2 Proppant Mixer 
The proppant mixer consists of a mixing tank and a direct drive mixer as shown in Figure 3.3. 
The mixing tank was designed to fit inside the small water tank and to have four side openings of 
β” diameter each. These openings are covered with 1β0 mesh screens to ensure no proppant leaves 
or enters the mixing tank while allowing water flow into the mixing tank. The drive mixer has two 
3-bladed propellers on an axial shaft that are inserted inside the mixing tank to provide the 
necessary mixing force for the water and proppant. Once the slurry is mixed, it gets pumped 








Figure 3.3: Proppant mixer and mixing tank. 
3.1.3 Slurry Pump 
A self-priming centrifugal pump is used for pumping the proppant slurry to the fracture slots 
passing through the flow meter. This pump utilizes an impeller to apply a centrifugal force that 
creates a pressure drop across the pump inlet and outlet. This pressure difference is proportional 
to the impeller speed of revolutions per minute (RPM). The pump was especially designed to 
handle solids in liquid and required installing a silicon carbide seal to handle abrasive materials. 
Figure 3.4 shows a picture of the slurry pump.  
 
 








3.1.4 Flow Meter 
An electromagnetic type flow meter was installed to accurately measure the slurry flow rate. 
It utilizes an electromagnetic field to measure the flow rate. There are several types of flow meters 
but most of them are negatively affected by the slurry solids content which can result in non-
accurate reading. The electromagnetic based flow meter applies a magnetic field across the pipe 
while the slurry flows through it. As the fluid passes through the pipe, an induced voltage is 
generated by the slurry’s conductive phase which is proportional to the fluid velocity. Knowing 
the generated voltage, the flow meter calculates the fluid velocity using Faraday’s law of induction 
as shown in Equation 3.1. Once the fluid velocity is known, it is converted to a volumetric flow 
rate based on the pipe diameter.  A picture of the flow meter is shown in Figure 3.5.  
 
 e = �−B × l × V × K (3.1) 
Where,  
e  = Induced voltage, volt [ ×× � ] 
l  = Distance between the two electrodes, meter [L ngth] 
B  = Magnetic field strength, volt × s [ ×× � ] 
Vf  = Fluid velocity, m/s [ ] 
k  = Factor set-calibration factor, 1/m2 [ ] 
 
 
Figure 3.5: Flow meter used to monitor the slurry flow. 
3.1.5 Variable Frequency Drive 
Maintaining a consistent slurry flow rate is critical to the experimental results, as any 
fluctuation can impact the accuracy of the measured variables. Therefore, a Variable Frequency 
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Drive (VFD) device was connected to the system. The VFD works as a middle point between the 
pump and the flow meter. It reads the output of the flow meter signal and adjusts the pump RPM’s 
to achieve the desired preset flow rate value. It adjusts the RPM’s by controlling the power input 
to the pump in the form of electric frequency. A picture of the VFD is shown in Figure 3.6. 
 
 
Figure 3.6: Variable Frequency Drive (VFD) used to maintain a consistent flow rate. 
3.1.6 Fracture Slots Network  
The fracture slots network was designed to study proppant transport in a complex fracture 
system. The network has one primary fracture, three secondary fractures, and two tertiary fractures 
(See Figure 3.7). Plexiglas was used to build the fracture slots. The height of these fracture slots 
is uniform at 23 ¼ inches. The length of the secondary and tertiary fractures is one foot while the 
primary fracture is 4 feet (ft) long. The primary fracture slot’s width was set to 0.β inch to mimic 
actual hydraulic fracture widths as published by Palisch et al. (2010) while the secondary and 
tertiary fractures were set to 0.1 inch.   
The fracture width of 0.1 inch used for the subsidiary fractures might be higher than 
anticipated in actual hydraulic fractures, but it is not expected to have a major impact on settling 
results as indicated by Liu and Sharma (2005). In their study, they showed that increasing the 
fracture width has minimal effect, within 5%, on proppant settling rate for a fracture width that is 
2.5 times larger than the particle diameter. This would mean that the fracture width can be reduced 
to 0.01 inch with minimal effect on the settling rate of all tested sands in this study. In addition to 
tertiary fractures, another unique feature about this apparatus is the introduction of roughness to 
the fracture slot walls to account for frictional effects on proppant settling. The roughness was 
achieved by using a computerized v-shaped drill bit machine that drills at very low depths on the 




Figure 3.7: Fracture slots network. 
 
Figure 3.8: Wall roughness used in the fracture slot network development. 
3.2 Test Materials  
The materials used to conduct the experiments in this study consists of two main items, tap 
water and proppant. Golden, CO, city tap water was used as the carrying fluid to simulate 
slickwater fluid with no chemical additives. For the proppant, two types of sands were used, white 
and brown sands, which are different mainly in their grain shapes. Grain shape images of the sands 
were taken using a micro-viewer and they showed that the white sand has much more sphericity 
and roundness than the brown sand as presented Table 3.1 and shown in Figure 3.9. Comparing 
the results of these two sand types at the same conditions demonstrates the grain shape effect on 
slickwater proppant transport as discussed in Section 4.3.4 of this dissertation.  
Primary fracture 
Secondary fracture 





Figure 3.9: (a) brown sand on the left showing high angularity and (b) white sand on the right 
showing more rounded and higher sphericity shape. 
The tested proppants consisted of three different sieve sizes, 100, 30/70, and 20/40 mesh. 
For brown sand, the 20/40 size was not available to test. The sieve distribution of each size was 
matched for the white and brown sand to ensure a valid comparison and get their median diameters 
as close as possible, as shown in Table 3.1. The median diameter percentage differences between 
the white and brown sands at the 100 and 30/70 mesh are 0.43% and 0.18%, respectively.  
 
Table 3.1: Median diameters of the tested proppants. 
Proppant 
Type 
Proppant size, mesh Sphericity, 
dimensionless 
Roundness, 
dimensionless 100 30/70 20/40 
White sand 0.1854 mm 0.3383 mm 0.739 mm 0.9 0.7 
Brown sand 0.1846 mm 0.3377 mm --- 0.5 0.3 
 
3.3 Test Parameters and Lab Scaling 
The experiment parameters’ values were selected to mimic actual field conditions. For that, 
concentrations were varied between 0.25 to 2.82 ppg and, to achieve these concentrations, the 
proppant and water flow rates needed to be controlled and set at specific values. The water was 
controlled using the VFD device. For the proppant flow rate, the proppant flowed by gravity 
through the Plexiglas disk ports. There are three disks with six ports in each one. The 18 total ports 
were drilled in these disks with different diameters starting from 5/16 to 9/16 inch with an 
incremental value of 1/64 between every port. The mass flow rate through each of these ports was 
(a) Brown sand (b) White sand 
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calibrated using a scale and a timer and recorded as shown in Table 3.2. Knowing the mass flow 
rate of the proppant from the 18 ports allowed the correct port to be selected to achieve the desired 
proppant concentration in ppg.  
 
Table 3.2: Proppant mass flow rate through the hopper disk ports. 
Disk port opening 
number 




1 5/16 1.25 
2 21/64 1.40 
3 11/32 1.59 
5 23/64 1.95 
6 3/8 2.30 
7 25/64 3.10 
8 13/32 3.36 
9 27/64 3.70 
10 7/16 4.20 
11 29/64 4.70 
12 15/32 5.10 
13 31/64 6.07 
14 1/2 7.00 
15 33/64 7.66 
16 17/32 8.00 
17 35/64 8.18 
18 9/16 8.65 
 
The lab slurry velocity was matched with the field values to scale up the lab model flow 
rates to field conditions. Since velocity is the actual controlling factor for proppant transport. A 
field fracture size of 200 ft height and 0.2 inch width was selected for the scale-up calculations. A 
slurry flow rate of 20 BPM inside such a fracture has a velocity of 16.9 feet/minute (ft/min) (the 
20 BPM rate represents the flow down a given fracture, not the total treatment rate). Given the lab 
primary fracture dimensions, 16.9 ft/min can be achieved in the lab at a flow rate of 4.1 gallons 
per minute (GPM). A wide range of velocities, from 2.1 ft/min to 32.7 ft/min, were used in 
conducting the experiments. The tested slurry velocity value in this study refers to the initial slurry 
velocity where proppant settling hasn’t started yet. It was calculated by dividing the volumetric 
flow rate by the fracture slot cross sectional area. Table 3.3 shows the ranges of flow rates and 
concentrations tested in this study for each sand size and type.  
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Table 3.3: Slurry velocities and proppant concentrations used in this study. 
Constant slurry velocity while 
varying proppant concentration 
Constant proppant concentration 



























































3.4 Experimental Procedure 
Conducting a flow slot experiment requires certain steps to prepare the system, run the test, 
and record the necessary lab data. Based on the objective of the test, the testing procedure can vary 
slightly as described in Sections 3.4.1 and 3.4.2.  
 
3.4.1 Conducting the Experiment 
The first step is to fill the tank with tap water and load the appropriate proppant size and type 
in the proppant hopper. Then, the pump, flow meter, and VFD are turned on. After that, the mixer 
is started and set at 120 RPM to uniformly mix the proppant and water before pumping. Five video 
cameras are placed around the system at different angles to record and capture the proppant flow 
and dune heights in the different fractures. The pump is then started using the VFD device to pump 
the slurry at a preset flow rate. At the beginning, water without proppant is pumped through the 
system to ensure that the system is ready and there are no leaks or instabilities.  
After establishing a smooth circulation of water, the hopper vibrator is turned on and the 
disk that controls the proppant flow is rotated to the desired port. Proppant then starts to flow into 
the mixing tank and gets mixed with water before the slurry is pumped to the system. Finally, the 
slurry flows inside the fracture slots and the data collection starts. The experiment continues 
running until reaching an equilibrium height in the fracture slots network. This is the height where 
there is no more slurry erosion or proppant settling resulting in a constant height with time. The 
proppant hopper is continuously refilled while the experiment is on-going.  
If the objective of the experiment is to evaluate the erosional effect of increasing flow rate, 
then the pump flow rate has to be increased to the desired value while also increasing the proppant 
mass flow rate to keep the slurry concentration constant. For evaluating the concentration effect, 
the pump flow rate is kept constant while the proppant mass flow rate is changed. At the end of 
every experiment, the approximately 400 lbs of proppant used in the experiment is removed from 
the tank, dried in an oven, sieved, and put back in buckets for the next experiment.  
 
3.4.2 Lab Data Collection and Analysis  
After completing an experiment, the recorded videos are reviewed and analyzed for proppant 
transport mechanisms, settling rates, and dune heights. The EDH is measured using measuring 
tapes attached to the fracture slot sides (refer to Figure 3.7). These tapes measure to the 1/16th of 
37 
 
an inch. For consistency, the EDH is measured at 9.3 inches from the fracture entrance which is 
equal to 40% of the fracture height. This EDH height is then divided by the fracture slot height (23 
¼ inches) to obtain the equilibrium dune-to-fracture heights ratio or as called in this study the 
“Equilibrium Dune Level” (EDL) (see Equation 3.2).  
 
 �DL = �D�� ×  (3.2) 
Where,  
EDL  = Equilibrium Dune Level, % [Length/Length] 
EDH  = Equilibrium dune height, ft [Length] 
Hf  = Fracture height, ft [Length] 
 
This study analyzed the dune development mechanism by monitoring a 12-inch section of 
the primary fracture while the dune developed. This monitored section has no intersecting 
secondary fractures, referred to as “P-1”, and its length is equivalent to 51.6% of the fracture slot 
height. The observed dune shapes and developed mechanisms were categorized by using the 
starting and ending dune heights. The ratio of the dune or fracture slot length to the fracture slot 
height is defined in this study as the Distance to Fracture Height (DFH). The dune height ratio to 
the fracture slot height below EDH is defined as the dune height to fracture height ratio (DHFH). 








EXPERIMENTAL RESULTS AND DISCUSSION 
4  
Slickwater proppant transport in complex hydraulic fractures was experimentally studied 
and analyzed from different angles as part of this PhD research project scope. This chapter shares 
the conducted experiments’ results and highlights the obtained findings and their relations to field 
application. The first part of the experimental results, shared in Section 4.1, evaluates the 
slickwater proppant dune development mechanism. Such analysis revealed key findings related to 
slickwater proppant transport and settled dune grain size sorting, shape, and build-up rate. The 
dimensions and area of the developed dune from slickwater proppant transport are evaluated in 
Section 4.β. The equilibrium dune height and length provide an insight about slickwater’s 
anticipated proppant settling tendency and proppant transport distance. Slurry flow rate and sand 
concentration values used for conducting the experiments in Sections 4.1 and 4.2 were selected to 
mimic actual field conditions.  
A field fracture size of 200 ft by 0.2 inch for its height and width, respectively, was used to 
scale up the lab model flow rate. A slurry flow rate of 17.25 BPM inside such a fracture has a 
velocity of about 14.5 ft/min (the 17.25 BPM rate represents the flow down a given fracture, not 
the total treatment rate). Given the lab’s primary fracture dimensions, 14.5 ft/min can be achieved 
in the lab at a flow rate of 3.5 GPM. For the concentration, an average value of 1.00 ppg was used 
while 30/70 mesh brown sand was selected as a medium sizes sand. These lab conditions are 
referred to in this study as the “base case”.  
After that, the study moves to evaluate the effect of key parameters on slickwater proppant 
transport as presented in Section 4.3. The evaluated parameters include the slurry velocity and 
proppant concentration, grain shape, and size. These controlling factors are critical for slickwater 
hydraulic fracturing design and need to be quantitatively evaluated. White and brown sands were 
used to study the grain shape effect, and a wide range of field representative slurry velocities and 
proppant size and concentrations were used in the testing. The last part of the experimental results, 
shared in Section 4.4, studies slickwater proppant transport in secondary and tertiary fractures. The 
proppant reach times and developed dune areas in the fracture networks were evaluated and 
compared to provide an experimentally and quantitative based assessment of slickwater proppant 
transport in subsidiary fractures. 
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4.1 Proppant Transport During Dune Development  
Proppant transport by slickwater has been evaluated in many previous studies after the 
proppant dune has reached its equilibrium height, and three different mechanisms were found to 
take place simultaneously: rolling, saltation, and suspension. However, research work of 
slickwater proppant transport during the dune development has received very little attention in 
literature. It is the focus of this section to present new experimental findings and observations 
related to this area. Understanding the dune development and involved proppant transport 
mechanisms provides insights about the settled proppant grain size sorting and dune shapes which 
help in better estimating the fracture’s propped area conductivity and dimensions.  
The dune development mechanism was evaluated in the primary fracture using 30/70 mesh 
brown sand at a concentration of 1.00 ppg and slurry velocity of 14.5 ft/min. These conditions 
simulate the selected field case scenario discussed at the beginning of Chapter 4. The proppant 
dune in the primary fracture was observed to undergo four distinct developmental stages before 
reaching its final shape and equilibrium height. Every stage is unique in its proppant transport 
mechanism, dune build-up rate, dune shape, and particle size distribution in both the horizontal 
and vertical directions.  
The four dune stages are categorized based on their starting and ending heights measured as 
a ratio of the equilibrium dune level. The transport mechanism referred to in this section is for 
grains as they transport from the slot introduction point to the analyzed dune. Sections 4.1.1 - 4.1.4 
describe these four developmental stages in detail.  
 
4.1.1 Stage 1: Dune Development During 0-10% of EDL 
The first stage starts at zero dune height and lasts until around 10% of the equilibrium dune 
level. Within this low dune height level, the slurry velocity is not high enough to roll proppant 
from the preceding settled dune. Therefore, the only observed mechanism transporting proppant   
during this stage to the dune is proppant settling out from the moving fluid, referred to as “hindered 
settling” transport mechanism. Figure 4.1 shows a schematic demonstrating the proppant transport 
mechanism in Stage 1. The travelling path of settled grains in this stage starts with the slurry 
leaving the top of the preceding dune or fracture entrance carrying proppant grains of different 
sizes. Then, the velocity drops significantly, as the slurry flows into a much larger cross-sectional 
area. Travelling proppant grains start to settle as soon as their velocity drops, and they settle at 
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varying angles depending on their weights or sizes. The “settling angle” is defined as the angle 




Figure 4.1: Proppant transporting via hindered settling mechanism at different angles based on 
their sizes (smaller settling angles for smaller grains) during Stage 1 of the dune development. 
The shape of the dune surface during Stage 1 has a negative linear slope in the slurry flow 
direction, as shown in Figure 4.2. The dune starts with a very low angle with the horizontal plane 
which increases with time reaching a maximum value of 10o. The minimum measured dune angles 
during Stage 1 was 2.4o  The dune build-up rate in Stage 1 is the slowest of all stages due to the 
small amount of grains that the slurry can transport to this distance. 
 
 
Figure 4.2: Linear dune surface with low angle developed during Stage 1 for a 1.00 ppg 30/70 
mesh brown sand at 14.5 ft/min. 
The larger particles travelling with the slurry in Stage 1 experience more gravitational forces 
due to their larger weights resulting in higher settling angles and, hence, shorter travelled distances. 
For this reason and the fact that the preceding dune is moving closer with time, smaller particles 
Stage 1 
Slurry direction 
ϴ = 7.7o 
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settle first followed by larger particles. This results in the development of a dune with an upward 
increasing proppant size distribution. Figure 4.3 shows a schematic for the anticipated size 
distribution of settled proppant in Stage 1. It is important to mention that proppant settling in Stage 
1 is generally expected to be in the lower size range of the 30/70 mesh sand, as larger particles are 
too heavy to transport longer distances via hindered settling mechanism.  
 
 
Figure 4.3: Anticipated proppant size distribution at the bottom of the fracture slot during Stage 1 
showing an upward increase in grain size. 
 The settling scenario observed in the first 10% of EDL indicates that the bottom of the 
fracture contains the smallest proppant size range of the 30/70 mesh sand. This might have an 
impact on the fracture conductivity being the lowest in the lower section. Therefore, it might be a 
good idea to consider such impact on the expected fracture conductivity and productivity. For the 
fracture entrance, proppant size sorting is not expected to be that severe. This is due to the much 
lower initial slurry velocity at the entrance of the fracture compared to a slurry velocity leaving 
the top of a developed dune. As a matter of fact, the slurry, initially, enters the fracture with a 
velocity of 14.5 ft/min which increases significantly as the dune height increases reaching 256.7 
ft/min when the dune is fully developed. The low initial slurry velocity at the fracture entrance 
results in sudden settling of all proppant grains where the substantially higher velocity slurry 
leaving the top of the developed dune is capabable of transporting smaller grains longer distances 
before they settle with different angles based on their size, resulting in grain size sorting.   
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4.1.2 Stage 2: Dune Development During 10-75% of EDL 
After developing 10% of the dune, the gap between the preceding dune and the fracture top 
starts to reduce considerably resulting in a higher slurry velocity. The higher velocity increases th  
amount of transported proppant from the preceding dune and, hence, the linear dune surface slope 
increases significantly. This increase in dune slope enhances the gravitational force while the 
increase in slurry velocity exerts more drag force on settled proppant. These two forces cause the 
proppant grains to roll forward and be transported into the Stage 2 dune. These grains keep rolling 
until either they lose the high gravitational and drag forces to settle or get overrun by faster grains 
resulting in their settling. Figure 4.4 shows a schematic demonstrating the transport mechanism in 
Stage 2.  
 
 
Figure 4.4: Proppant particles are transported to the Stage 2 dune by free settling from the 
moving fluid and rolling down from the preceding dune. 
The dune shape in this stage starts with a steeper linear slope surface that moves forward 
and replaces the Stage 1 dune shape as shown in Figures 4.5 and 4.6. The dune surface angle 
started at 10° and kept increasing with time as more proppant settled at the top of the dune. The 
dune angle increased at a higher rate during 10o to 33o and, then, it showed a slower rate until the 
next dune stage took over. The highest measured angle during Stage 2 is 41°. Due to the relatively 
fast increase in the dune slope, Stage 2 has the fastest build-up rate of all stages. 
Stage 2 
  
Free settling + Rolling 
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Figure 4.5: New dune surface with steeper slope forming during Stage 2. 
 
Figure 4.6: Dune development during Stage 2 at the beginning of Stage 2 (left) and toward the 
end of Stage 2 (right). 
Layers of varying grain sizes with a downward slope in the slurry direction were observed 
in Stage 2, as shown in Figure 4.7. These layers indicate size sorting of larger grains followed by 
smaller grains. This proppant size sorting could be attributed to the high and fluctuating turbulence 
at the top of the preceding dune, as presented in Section 4.1.3. With high velocity and turbulence, 
only larger grains remain to roll and settle along the dune slope while smaller grains are suspended 
and transported further. The larger sieve distribution in the 30/70 mesh brown sand is the primary 
cause of such layer formation, as it contains a wide range of light and heavy grains.  
A B 
ϴ = 33o 
ϴ = 41o 
Time-1 Time-β Time-γ 
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The grain size sorting noted in the large middle section of the dune (about 60% of the dune) 
is believed to have an effect on the fracture conductivity, as production flow lines would tend to 
have an upward slope rather than being horizontal. Also, this behavior indicates that there would 
be layers of relatively high and low conductivities instead of one single conductivity for the 30/70 
mesh sand which could be of high importance in hydraulic fracturing design considerations.  
 
 
Figure 4.7: Dune middle section showing layers of grain size sorting forming during Stage 2. 
4.1.3 Stage 3: Dune Development During 75-97% of EDL 
The third stage takes place at around 75% of EDL where the dune starts to receive more 
proppant with a much higher velocity as a result of the slurry flow area becoming much smaller. 
This high velocity develops a high turbulence flow regime at the top of the dune creating vertical 
eddies as shown in Figure 4.8. This turbulence suspends some of the proppant making them travel 
in a circular motion back toward the dune. This behavior transports proppant from the moving 
slurry back to the top of the dune but the force of the slurry turbulence is also eroding part of the 
dune. Given the very high velocity involved in this stage, grains are mainly transported to this 




   
Figure 4.8: High turbulence flow creating vertical eddies and eroding part of the Stage 3 dune. 
As the dune height increases beyond 75% of EDL, a new curved dune shape starts to form 
and move forward in the slurry direction replacing the linear dune shape in Stage 2, as 
demonstrated by the red curve in Figure 4.9. At the end of this stage, the dune surface becomes 
almost horizontal. Since the slurry velocity during this stage is very high, smaller grains are 
expected to be suspended and transported further while larger particles settle. Therefore, it is 
believed that the dune section forming in this stage have more large particles than in Stages 1 and 
2, indicating that the highest conductivity zone likely lies at the top portion of the fracture. The 
rate of dune build-up in Stage 3 is the second fastest after Stage 2. 
 
     
Figure 4.9: Dune shape transformation during Stage 3 indicated by the red curve replacing the 
linear slope in Stage 2. 
Stage 3 
Rolling, free settling, & suspension  
with vertical eddies 
Time-1 Time-2 Time-3 
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4.1.4 Stage 4: Dune Development During 97-100% of EDL 
The last stage of the dune development, Stage 4,  takes place during the top 3% of the total 
dune height or the equilbrium dune level. During this stage, grains are transported mainly via 
rolling and saltation, as demonstrated in Figure 4.10. Slurry velocity in this stage is considered to 
be the highest of all stages, which indicates that settled grains in this dune section are expected to 
be the largest in the dune.  
 
  
Figure 4.10: Proppant transport mechanism during Stage 4 showing proppant rolling and 
saltation mechanisms. 
Table 4.1 summarizes the dune development stages with their features and Figure 4.11 
displays a developed model for the anticipated overall sand dune grain size distribution for 30/70 
mesh sand at the tested conditions. The dune development mechanism results in this study reveal 
important information about potential proppant size sorting which could play a key role in 
hydraulic fracture conductivity.  
Most conductivity lab tests and hydraulic fracture simulators don’t consider grain size 
sorting and distribution from a proppant transport perspective. The inclusion of such effect could 
largely enhance the measured values of laboratory proppant conductivity tests and also the 
anticipated fracture conductuvity of field simulators.  
 
Fully developed dune Stage-4 
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Table 4.1μ Dune development stages’ features for γ0/70 mesh brown sand at a concentration of 
1.00 ppg and slurry velocity of 14.5 ft/min. 





















to large size 
range 
 
Layers of small and large 



























Figure 4.11: A model for the 30/70 mesh sand expected dune size distribution for Stages 1-4. 
4.1.5 Dune Development Mechanisms Controlling Factors 
The studied dune development mechanisms and obtained results in Sections 4.1.1 - 4.1.4 are 
specific to the tested conditions of 1.00 ppg, 30/70 mesh, 14.5 ft/min, brown sand, and water 
viscosity fluid. Changing any of these variables could yield a considerable difference in each stage 
dune shape, height, proppant transport mechanism, and grain size distribution. In this section, these 
parameters are discussed and evaluated qualitatively for their potential impact on the observed 
dune development mechanism results. The discussion of each parameter is in relevance to the 








4.1.5.1 Proppant Median Diameter and Size Distribution  
The median diameter is a key and influential parameter in the dune development mechanism. 
As the proppant gets smaller, slickwater becomes more capable of carrying proppant grains and 
transporting them further inside the fracture, as discussed in Section 2.2.3.1. Therefore, the Stage 
1 mechanism is expected to increase with decreasing the proppant size as more grains would be 
transported via hindered settling mechanism. Vice versa, if the median diameter is larger, the Stage 
1 mechanism becomes smaller and, therefore, proppant lateral reach distance inside the fracture 
becomes shorter than achieved with a smaller median diamater proppant.  
It is very important to highlight the role of the proppant size distribution on the dune 
development mechanism. The wider the distribution, the higher is the potential of grain size 
sorting. This is attributed to the larger ranges of settling angles achieved with wider grain size 
distriubtion. With tigher sieve distribution, most grains tend to transport with similar speed and 
settle with closer settling angles resulting in much lower grain size sorting.  
 
4.1.5.2 Slurry Velocity   
The dune development mechanism depends heavily on the slurry velocity, as discussed in 
Section 2.2.3.5. At higher velocities, the slurry has stronger erosional effects on the dune during 
its development and, as a result, it lowers the dune angles with the horizontal plane. Therefore, 
increasing the slurry velocity would lower the observed dune angles in all stages. Also, the higher 
slurry velocity reduces the settling angles of grains in Stage 1 which means higher chance of grain 
sorting and longer proppant reach in induced fractures. In addition, the Stage 1 dune height is 
expected to increase with increasing slurry velocity due to the higher drag and lifting forces 
transporting more proppant to Stage 1 dune.  
 
4.1.5.3 Proppant Concentration  
The dune development mechanism can also be influenced by the proppant concentration 
given that the same amount of proppant is injected. Increasing the proppant concnetration results 
in more settling due to frictional effects and increased amount of heavier grains, as concluded from 
the experimental results in Section 4.3.2. These two effects result in hindering the proppant grains 
velocity and, as a result, decreasing their transported distance. Therefore, the Stage 1 mechanism 
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and proppant distance inside the fracture are expected to be lower when the proppant concentrati 
is increased.  
 
4.1.5.4 Proppant Grain Shape  
The proppant grains roundness and sphericity have an effect on slickwater proppant 
transport, as shared in Section 4.3.4. With more rounded and spherical shapes, the erosional effect 
of the slurry decreases and, hence, its proppant transport is reduced. As a result, Stages 3 and 4 
increase while Stages 1 and 2 decrease with more rounded and spherical grains resulting in less 
proppant transport and shorter propped fracture length. This makes the brown sand a better option 
to increase the height and length of Stages 1 and 2 compared to the white sand.  
 
4.1.5.5 Fluid Rheology and Proppant Density  
Slickwater proppant transport depends heavily on the proppant density and fluid rheology. 
In slickwater proppant transport, sand proppant has a heavier density than water which makes it 
sink in water. Sand has 2.65 specific gravity while pure water has a specific gravity of about 1.00 
at 1.00 atm and 70 oF. This large gap in densities shows the large settling tendency of sand in 
slickwater. The smaller the density gap, the lower is the settling rate and the more efficient the 
proppant transport becomes. The governing equations for the proppant and fluid density and their 
effect on settling are discussed in Section 2.2.3.3.  
Also, increasing slickwater viscocity enhances its erosional effect on settled proppant and 
increases its proppant transportability (Southard 2006). For these reasons, decreasing the proppant 
density or increasing the carrying fluid density or viscosity could have a positive impact on 
enhancing slickwater proppant transport and, hence, Stages 1 and 2 increase in length while Stages 
3 and 4 decrease in length.  
 
4.2 Slickwater Proppant Dune Dimensions  
Estimating the height and lateral distance of injected proppant by slickwater is one of the 
keys that the industry needs for better slickwater hydraulic fracture conductivity estimation and 
design optimization. However, the extent of proppant reach is hardly estimated as the slickwater 
proppant transport and settling are not well quantified. In this section, experimental results are 
used to estimate the dune height and length of 30/70 mesh brown sand in the primary fracture. The 
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slurry is injected at a proppant concentration of 1.00 ppg and velocity of 14.5 ft/min (base case). 
The 200 ft high fracture field scenario is used to scale up the experimental results in this section. 
The measured and scaled-up values in this section are for a primary fracture, (P-1), with no 
intersecting fractures or lost fluid due to leak-off. Section 4.2.1 evaluates the equilibrium dune 
height while Sections 4.2.2 and 4.2.3 describe the dune length and area, respectively.  
 
4.2.1 Proppant Dune Height  
The equilibrium dune height was measured after the dune reached its steady state condition 
where no more proppant settling was taking place. The settled proppant formed an equilibrium 
dune height at 21.94 inches in 8.25 minutes measured at a distance equivalent to 40% of the 
fracture slot height from the entrance (40% DFH). The developed dune height occupied 94.4% of 
the fracture slot total height (94.4% EDL). This high dune fill-up percentage of the fracture slot 
indicates severe proppant settling tendencies and low proppant transport capability of slickwater. 
After the dune reached its equilibrium height, all injected proppant was transported further inside 
the fracture in the slurry direction. Grains travelling over the developed dune were observed to 
transport via rolling, saltation, and suspension. Since the dune covered 94.4% of the fracture slot 
height, this left only 5.6% of the fracture slot area for slurry flow. This large decrease in flow area 
from 4.65 in.2 before proppant settling to 0.26 in.2 after reaching the EDH increased the slurry 
velocity tremendously. This increase in velocity enabled the slurry to transport smaller grains as 
suspended particles and transport larger particles by rolling and saltation, as demonstrated in 
Figure 2.5.  
 Using the 200 ft high fracture field example, the obtained experimental results indicate that 
injecting 30/70 mesh brown sand at 1.00 ppg and slurry velocity of 14.5 ft/min develops an 
equilibrium dune height at 188.8 ft with a lateral distance of 80 ft from the hydraulic fracture 
entrance in 8.25 minutes. The high propped fracture height leaves only 11.2 ft of available area for 
slurry flow. For the fracture section before the 80 ft distance, the dune is expected to form a curved 
shape similar to the observed dune shape shown in Figure 4.12. Therefore, a lower dune height is 
expected to start at the fracture entrance with a value of 182.2 ft (91.1% EDL). Beyond the 80 ft 
section, the dune height is expected to increase with distance but at a much slower rate as indicated 





Figure 4.12: Equilibrium dune height in the primary fracture with curved dune surface for a 1.00 
ppg slurry at 14.5 ft/min. 
4.2.2 Proppant Dune Length  
The lateral distance of a proppant transported by slickwater was evaluated using the 
experimental results obtained in Section 4.1. The measured dune length in this section is for a dune 
that just reached its equilibrium height at a lateral distance equal to 40% DFH from the fracture 
entrance. Before this distance, the dune has an equilibrium height and curved shape as shown in 
Figure 4.12 while beyond it, the dune has different shapes based on the four identified 
developmental stages described in Section 4.1. The first step was to divide the dune lateral distance 
into five sections, A, B, C, D, and E, based on the dune development stage, as demonstrated by 
the schematic in Figure 4.13. The first section, section A, covers the dune length at and before the 
40% DFH distance, as shown in Figure 4.14. Using the 200 ft heigh fracture, section A length (L-
A) equals to 80 ft. The dune in section A has an equilbirum height of 94.4% EDL (188.8 ft) at 40% 
DFH (80 ft).  
 
 
Figure 4.13: Developed dune divided into five sections with five lateral distances, L-A, L-B, L-





Figure 4.14: Dune shape and length for section A starting at a height of 91.1% EDL and length 
of zero and ending at a height of 94.4% EDL and length of 40% DFH. 
The next section, section B, represents the dune developing during Stage 4 which has a 
height of 3% EDL. The length of section B (L-B) was measured experimentally, as shown in 
Figure 4.15, and was found to be 6.7% DFH. This translates to 13.3 ft using the field case example 
of a 200 ft height fracture. For the third section, section C, it covers the length of the dune settled 
at the top 22% of the equilibrium dune level, Stages 3 dune. For section C, a triangle (Triangle C) 
was placed at the beginning of the dune shape extending to the bottom-front of the dune which 
marks the starting point of Stage 2, as shown in Figure 4.16. Triangle C has an angle of 47o with
the vertical plane and a height of 22% of the dune EDL. That makes the height of Triangle C equal 
to 41.5 ft and using Equation 4.1, the lateral distance of section C (L-C) was calculated to be 44.5 
ft (22.3% DFH).  
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Figure 4.15: Section B length (L-B) representing the dune distance in Stage 4 starting from 40% 
DFH to the beginning of Stage 3 dune, measured experimentally and was found to be 6.7% DFH. 
Length of Section A  
(L-A) = 40% DFH 
Length of Section B  




Figure 4.16: Estimating the lateral distance of section C using a triangle with an angle of 47o.  
L = � � × tan  (4.1) 
Where,  
LC  = Length of section C, ft (length) 
HTriangle C  = Height of Triangle C, ft (length) 
 
Using Stage 3 height of 22% of the EDL (the EDL equals to 188.8 ft) to calculate LC, L = [ . × . ] × tan  L = [ . ] × tan = . �ft 
 
The lateral distance of the dune developing in Stage 2 is represented by section D. The Stage 
2 dune has a wide range of angles starting from a low value of 10o and increasing very quickly to 
33o followed by a slow increase reaching 41o at its maximum measured angle. A triangle was fitted 
in the developed dune to simplify its shape and be able to estimate the dune length, shown by 
Triangle D in Figure 4.13. An angle of 30o with the horizontal plane was used for Triangle D based 
on the observed average angles during the dune development in Stage 2. The height of Triangle D 
equals to 65% of EDL (122.7 ft). Using the same calculation method followed in L-C, L-D was 
found to be 212.6 ft which is equal to 106.3% DFH.  
The last section of the dune is section E which covers the length of the dune forming in Stage 
1. This dune has very low angles ranging from 2.4o to 10o. An average angle of 4o was used to fit 
47 o 
Length of Section C (L-C) 
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a triangle (Triangle E) in the dune and estimate its lateral length. Using the dune height of 10% of 
the EDL (18.9 ft) and the average angle of 4o , section E length (L-E) was calculated to be 270.0 
ft (135.0% of FH). The dune section lengths summary is shown in Table 4.2. Analyzing the lengths 
of the dune sections, it makes sense to see section E having the longest reach of 270.3 as its 
transport mechanism is by hindered settling from the flowing slurry. The particles settle with low 
angles as they travel with the slurry at a high velocity enabling them to travel much longer 
distances relative to the other sections whose transport mechanisms are mainly by rolling and 
saltation. The shortest length is travelled by Section B which, also, has the shortest height of 3% 
of EDL.  
 
Table 4.2: 30/70 mesh brown sand dune heights and lengths divided into sections as shown in 
Figure 4.13, at a concentration of 1.00 ppg and slurry velocity of 14.5 ft/min. 
Section Top dune height, ft Length (L), ft 
Distance-to-Fracture 
Height ratio (DFH), % 
Section A 188.8 80.0 40.0 
Section B 186.0 13.3 6.7 
Section C 183.1 44.5 22.3 
Section D 141.6 212.6 106.3 
Section E 18.9 270.3 135.0 
Total dune length, ft 620.4 310.2 
 
The sum of the five dune section lengths gives a total dune length of 620.4 ft reached by the 
first equilbirum dune forming at a lateral distance of 80 ft from the fracture entrance. Proppant is 
expected to reach this length in 8.5 minutes under the used lab conditions. Equation 4.2 shows a 
correlation equation developed based on the ratio of the total dune length to the fracture height. 
Dividing the dune length (620.4 ft) by the fracture height (200 ft) gives the mutiplier of 3.102 used 
in the correlation. This equation can be used to estimate the length of a dune based on the facture 
height under similar testing conditions and stated assumptions.  
 Dune�length = . × �  (4.2) 
Where,  
Hf  = Fracture height, ft [Length]   
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4.2.3 Proppant Dune Area 
Enhancing the propped fracture area is a key objective of the proppant transport and 
estimating its value is critical for hydraulic fracture conductivity measurement and design. The 
measured dune heights, lengths, and angles shown in Figure 4.13 are used to estimate the 
developed dune area or the propped fracture area of the injected 30/70 mesh brown sand at the 
base case conditions. This was achived by calculating each dune section area separately as they 
differ in shape, height, and length and then adding them together for the total dune area. Starting 
with section A, its area was caclulated by measuring the area under the curved dune shape in 
Figure 4.14. To achieve that, five points were taken along the curved dune surface and plotted with 
distance. The dune length represents the x-axis while the dune height represents the y-axis. These 
points were scaled up to the 200 ft height fracture field example. Then, a 3rd order polynomial 
equation was fitted to these points which has an R2 of 0.994, shown in Equation.4.3 After that, the 
equation was integrated from zero to L-A lengths to find the area under the dune surface, as shown 
in Equation 4.4. The dune area in section A was calculated to be 14,926 ft2.  
 Dune�height � = . × − L − . × − L + . L + .  (4.3) 
 
Where,  




Integrating from zero to L-A (80 ft) to find the dune area in section A.  
Dune�aδea � = ∫ . × − L − . × − L + . L + . �dl (4.4) Dune�aδea �= . × − × − . × − × + . × + .× = , �ft  
 
The dune area for section B was calculated by multiplying the dune height by its length, as 
shown in Equation 4.5. The height in section B varied very slightly from 97% to 100% of EDL. 
An average height of 98.5% EDL (186 ft) was used for the dune area calculation. Multiplying the 
length, 13.3 ft, by the height gives a dune area of 2,480 ft2 for section B. For section C, the dune 
area was calculated by substracting two-thirds of Triangle C area from the area of Rectangle C, s 
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shown in Equation 4.6. The two-thirds area of Triangle C was subtracted as it occupied no proppant 
or dune area, as shown in Figure 4.16. The calculated dune area for section C is 7,541 ft2.  
 Dune�aδea � = L × �  (4.5) 
Where,  
LB  = Length of section B, ft [length] 
HB  = Height of section B, ft [length] 
 
Substituting for LB and HB,  Dune�aδea � = . × = ,  Dune�aδea � = Rectangle�C�aδea� − ( )Tδiangle�C�aδea (4.6) 
Substituting for both areas and calculating dune area in section C,  Dune�aδea � = L × � − ( )L × � �  (4.7) 
Where,  
LC  = Length of section C, ft [length] 
 HC  = Height of section C, ft [length] 
 HTriangle C  = Height of Triangle C, ft [length] 
Dune�aδea � = . × . − ( . × . ) = , �ft  
 
Section D dune consists of two parts, Triangle D and Rectangle  D. The height and length of 
Triangle D are 65% of EDL (122.72 ft) and 212.6 ft, respectively. The rectangle has the same 
length as the triangle but its height equals to section E height, 18.9 ft. Calculating both areas and 
adding them using Equation 4.8 gives a dune area of 17,056 ft2 for section D. The longest dune 
section (Section E) has one triangle, Triangle E, representing its area. Using its height of 18.9 ft 
and length of 270.0 ft, its area was calculated to be 2,549 ft2, as shown in Equation 4.10. Adding 
the five dune areas gives a total dune area of 44,569 ft2 for the 30/70 mesh brown sand injected at 
a concentration of 1.00 ppg and slurry velocity of 14.5 ft/min measured at a point where the dune 
equilibrium height reaches a distance equal to 40% DFH (80 ft). Table 4.3 shows the dune sections 
calculated areas.  
 Dune�aδea � = Tδiangle�D�aδea + Rectangle�D�aδea (4.8) 
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Substituting for the areas, the equation becomes,  Dune�aδea � = L × � � + L × � �  (4.9) 
Where,  
LD  = Length of section D, ft (length) 
HTriangle D  = Height of Triangle D, ft (length) 
HTriangle E  = Height of Triangle E, ft (length) Dune�aδea � = . × . + . × . = , �ft  Dune�aδea � = L × � _  (4.10) Dune�aδea � = . × . = , �ft  
Where,  
LE  = Length of section E, ft (length) Total�dune�aδea= Dune�aδea � + Dune�aδea � + Dune�aδea �+ Dune�aδea � + Dune�aδea �  (4.11) 
 Total�dune�aδea = , + , + , + , + , = , �ft  
 
Table 4.3: Dune area in the primary fracture by 1.00 ppg 30/70 mesh brown sand injected at 14.5 
ft/min at the point when its EDH just reached a distance of 40% DFH from the fracture entrance. 
Section Length (L), ft Dune area (A), ft2 
Dune to total dune 
area ratio (DTD), % 
Section A 80.0 14,926 33.5 
Section B 13.3 2,480 5.6 
Section C 44.5 7,541 16.9 
Section D 212.6 17,056 38.3 
Section E 270.0 2,549 5.7 




The calculated areas of the five dune sections indicate potentially high variations in their 
fracture conductivies, as condcutivity depends heavily on the propped area. This can be seen from 
the ratios of the dunes to the total dune area as shown in Figure 4.17. The dune forming in Stage 
2 (section D) shows the highest propped area ratio of 38.3% of the total dune area. Dune areas in 
sections B, C, and E showed much lower values which is attributed to their low lengths for sections 
B and C and low height for section E resulting in much smaller amount of proppant. Section A 
shows the second highest area by 33.5% of the total dune area.  
 
 
Figure 4.17: The five dune section area ratios to the total dune area showing section D to be the 
highest and sections B and E to be the lowest. 
It is important to highlight that although section E has the highest propped length, its relative 
propped area to the total dune area is very small. This shows that achieving high proppant length 
doesn’t neceessarly yield achieving high propped area in slickwater hydraulic fracturing. Add to 
that, most of the proppant grains reaching the furtherest points are of the smallest size due to the 
fact that proppant transport in Stage 1 is mainly for the smallest grain range. The anticipated size 




































1). Therefore, section E is not only at the bottom list of dune areas but also has the smallest grain 
size which makes its conductivity significantly lower than the other sections.  
For sections A and B, their areas are comparable but their grain size vary considerably. 
Section A represents a fully developed dune at its equilbirum height which means it has all the 
development stages as part of its dune composition. That means the section A dune contains very 
large grains at its top 25% of EDL as part of the dune development mechansim during Stages 3 
and 4. On the other side, section D doesn’t have this β5% large grain layer at its top. The large 
grains in section A suggest that it has a higher conductivity than section D although its area is 
marginally lower. For that reason, it is anticipated that the heighest fracture conductivity lies near 
the fracture entrance.   
 
4.3 Slickwater Proppant Transport Analysis 
Slickwater proppant transport depends on key parameters such as slurry velocity and 
proppant concentration, grain shape, and size, as discussed in Chapter 2. These controlling 
parameters are believed to play a major role in slickwater’s ability to transport proppant in induced 
hydraulic fractures. Published literature lacks representative and quantitative experimental studies 
that analyze these factors for their effect on slickwater proppant transport and evaluate their trends 
at field conditions. In this section, these controlling factors are quantitatively evaluated and their 
trends are studied through series of flow tests conducted over a wide range of slurry velocities and 
proppant concentrations and median diameters using white and brown sands. The white and brown 
sands have different grain shapes which help to measure the effect of the grain shape on slickwater 
proppant transport. This section presents and discusses the experimental findings regarding each 
controlling parameter’s effect on slickwater proppant transport.  
 
4.3.1 Slurry Velocity Effect on Proppant Transport  
The slurry velocity is the primary driver for slickwater proppant transport, as it provides the 
drag and lifting forces to transport proppant grains inside hydraulic fractures. It is a given fact that 
increasing the slurry velocity decreases proppant settling and increases the proppant transport as 
shared in Chapter 2. However, the magnitude of the increase or decrease in slickwater proppant 
transport with slurry velocity hasn’t been measured experimentally. In this section, the slurry 
velocity effect on slickwater proppant transport and settling is studied over a wide range of velocity 
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values relative to field numbers. The velocity value refers to the slurry initial velocity before 
proppant settling takes place. To achieve this objective, a series of experiments was conducted at 
velocity values higher and lower than the field simulated condition (base case) shared at the 
beginning of Chapter 4.  
The equilibrium dune level was used to quantify the erosional effect of increasing the slurry 
velocity and its proppant settling effect when the velocity is decreased. Also, the experimental 
study included evaluating the erosional effect at various concentration values ranging from 0.25 
to 1.00 ppg and using three sieve sizes, 30/70, 100, and 20/40 mesh, and two different sand types, 
white and brown sands. Three terms are used, “low erosion”, “medium erosion”, and “high 
erosion”, to describe the degree of erosion caused by increasing the slurry velocity on EDL relative 
to the base case velocity (14.5 ft/min). Table 4.4 defines the erosional effect terms. Also, this 
section evaluates the trend curves of EDL and velocity and their equations at the different 
conditions. The results are categorized based on the sand size.  
 
Table 4.4: The slurry velocity erosional effect on EDL term descriptions. 
Term 
Change in EDL relative to its 
value at 14.5 ft/min, % 
Low erosion < 5 
Medium erosion 5 to 10 
High erosion > 10 
 
4.3.1.1 30/70 Mesh Sand 
The slurry velocity was increased from the base case velocity to almost doubled higher 
values to evaluate its erosional effect on the EDL values. For the 30/70 mesh brown sand, 
increasing the slurry velocity from 14.5 to 16.1 ft/min decreased the equilibrium dune height from 
21.94 (94.4% EDL) to 21.78 inches (93.7% EDL). The increase in velocity is about 11% which 
doesn’t show a matching decrease in EDL value. Instead, it showed a much smaller value of only 
0.7% in EDL indicating a low erosional effect.  
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This finding was further confirmed at higher slurry velocities as shown in Figure 4.18. 
Although the slurry velocity was increased to very high numbers relative to field conditions, the 
EDL was still showing high values. For example, the slurry velocity at 26.1 ft/min showed an EDL 
value of 89.2%. This velocity is equivalent to a slurry injected at 31 BPM in a 200 ft height by 0.2 
inch width fracture or 47 BPM in a 300 ft height by 0.2 inch width fracture. This indicates that 
even at extremely high slurry injection rates, slickwater is still expected to have very high settl ng
tendency. Also, this finding shows that injection of slickwater at very high flow rates may not be 
necessary, as the erosional effect was shown to be insignificant (lower than 5% relative to the base 
case velocity). Similar low erosional effects at the same testing conditions were confirmed by the 
white sand as shown in Figure 4.19.  
 
 
Figure 4.18: Erosional effect of increasing slurry velocity shows low impact on equilibrium dune 
level using 30/70 mesh brown sand at 1.00 ppg. 





























Figure 4.19: Erosional effect of increasing slurry velocity shows low impact on equilibrium dune 
level using 30/70 mesh white sand at 1.00 ppg. 
The slurry velocity effect on EDL was further examined at lower concentrations of 0.75, 
0.50, and 0.25 ppg. Table 4.5 shows the results of EDL values at the different concentrations and 
slurry velocities for the brown and white sands. It is important take the field condition numbers 
into consideration when evaluating the significance of the slurry erosional effect. A slurry velocity 
above 25 ft/min is not frequently used and considered to be in the high range for field application. 
Examining Table 4.5, it can be seen that slickwater slurry velocity doesn’t yield high erosion or 
proppant transport even at high flow rates and at commonly used slurry concentrations. If a 
decision is to be made to erode the developed proppant, the best option would be to combine 
increasing the slurry flow rate with decreasing the proppant concentration to the lowest possible. 
The advantage of this option can be seen when comparing the 94.4% EDL at the base case 
condition with the 79.57% EDL at 32.7 ft/min and concentration of 0.25 ppg. Using the field case 
example, that would translate into eroding 29.7 ft of the sand dune height and transporting it further 
inside the fracture.  

























Slurry velocity (V), ft/min
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Table 4.5: Experimental results of EDL values at different slurry velocities (V) and 




concentration (C), ppg 
EDL, % 




23.6 84.68 86.83 
26.5 82.80 85.48 




16.6 92.07 93.55 
19.5 89.25 91.40 
26.1 86.02 88.04 
28.6 84.41 87.23 
31.5 83.33 86.16 




19.0 91.40 --- 
21.1 89.78 --- 
24.0 88.71 --- 
26.9 87.10 --- 




16.1 93.68 94.62 
18.2 92.74 93.82 
20.3 --- 93.01 
21.9 90.59 92.47 
26.1 89.25 91.13 
  
4.3.1.1.1 EDL Trend with Slurry Velocity  
The experimental data obtained in Table 4.5 was plotted and fitted with a power law equation 
for each set of concentration data points, the fits showed high coefficients of determination, R2, 
above 0.970. Figure 4.20 presents the plotted data for the brown, and Figure 4.21 shows the data 
for the white sand. The relationship between EDL and the slurry velocity is shown to follow a non-
linear power law trend within the tested slurry velocities and concentrations. This trend indicates 
that velocity has less erosional effect at higher slurry velocities. The non-linearity in the EDL 
versus slurry velocity relationship is attributed to the slot wall frictional effect on the fluidized bed 
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(traction carpet) above the immobile dune. The fluidized bed consists of large grains travelling via 
saltation and rolling due to their heavy weights. Above this bed, grains are transported by 
suspension and below it lies the settled and immobile dune. 
Figure 4.22 shows three fluidized beds for 1.00 ppg 30/70 mesh brown sand which increase 
in height as the slurry velocity increases. At 14.5 ft/min, the fluidized bed has a height of 2.2/16 
inches, and it increases to 3.2/16 and 4/16 inch at velocities of 16.1 and 18.2 ft/min, respectively. 
Also, it is shown that proppant concentration is higher in the fluidized bed layer compared to the 
original slurry concentration of 1 ppg. Due to its higher proppant concentration and larger grain 
size, the fluidized bed is believed to experience more friction effect by the fracture slot walls than 
the rest of the slurry. This friction increases at higher velocities due to friction dependence on 
velocity and, also, due to the higher fluidized bed height which means larger surface area and more 
grains. The higher friction effect experienced by the fluidized bed grains doesn’t allow for a linear 
change in their velocity with increasing the slurry velocity. For this reason and the fact that the 
fluidized bed is directly responsible for dune erosion, the slurry velocity loses part of its dune 




Figure 4.20: Power law relationship between the equilibrium dune level (EDL) and the slurry 
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Figure 4.21: Power law relationship between the equilibrium dune level (EDL) and the slurry 
velocity (V) at different proppant concentrations for 30/70 mesh white sand. 
 
Figure 4.22: Fluidized beds (traction carpet) forming above the immobile dune surface for 1.00 
ppg 30/70 mesh brown sand that increases in height with slurry velocity. 
Another observation from Figures 4.20 and 4.21 is that the slurry erosional power increases 
with decreasing its proppant concentration. This can be seen when comparing the fitted power law 
equations slopes at higher and lower concentrations. For the brown sand in Figure 4.20, the 1.00 
ppg concentration power law equation has a slope of -0.098 and it increases in the negative 
direction to -0.119, -0.143, and -0.164 when the concentration is decreased to 0.75, 0.5, and 0.25 






































Figure 4.21. This negative increase in the slope indicates a higher erosional power at lower 
concentrations. More about the proppant concentration effect on EDL is shared in Section 4.3.2.  
The power law curves at the different proppant concentrations in Figures 4.20 and 4.21 also 
show that at higher slurry velocities, changing concentration has more effect on EDL than at lower 
velocities. At lower velocities, below 15.0 ft/min, the concentration curves seem to converge to 
very close EDL values and, hence, changing concentration below this point doesn’t seem to have 
much effect on the equilibrium dune height. This was further validated by conducting experiments 
at velocities lower than 15.0 ft/min using the brown sand. The obtained results, shown in Table 4.6, 
confirm the same observation and show an even lower effect of changing concentration on EDL. 
Also, in this low velocity range, the EDL and slurry velocity follow a different trend with a much 
lower slurry velocity erosional effect as shown in Figure 4.23.  
 
Table 4.6: EDL experimental results using 30/70 mesh brown sand for slurry velocities lower 
than 15.0 ft/min. 
Slurry velocity (V), 
ft/min 
Proppant 
concentration (C), ppg EDL, % 























Figure 4.23: Lower range velocities at different concentrations of 30/70 mesh brown sand show a 
new trend for EDL as a function of the slurry velocity.  
This new trend forming at slurry velocities equal to and lower than 12.4 ft/min is attributed 
to the slurry almost reaching its critical velocity where the wall friction is mostly dampened by the 
high drag force. Reaching the critical velocity is evident by the nearly horizontal dune surface, 
shown in Figure 4.24, which indicates that there is no more friction effect resulting in proppant 
settling at this height and measured distance. Also, reaching the critical velocity indicates that the 
wall friction has already taken its full effect on proppant settling, which results in lowering the 
slurry velocity erosional effect. The erosional effect change is shown by the two trends above and 
below 12.4 ft/min shown in Figure 4.23. In addition, above 12.4 ft/min, the dune has a curved 
surface, which means increasing the velocity erodes the dune in relation to the shape of the 
developed dune. However, below 12.4 ft/min, the dune height is reduced when increasing the 
velocity until reaching the critical velocity and doesn’t depend on the preceding dune shape as its 
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Figure 4.24: Horizontal dune surfaces for slurry velocities below 12.4 ft/min. 
4.3.1.2 100 Mesh Sand 
The slurry velocity effect on EDL was also evaluated using 100 mesh brown and white 
sands. The median diameter of the 100 mesh is 0.185 mm which is 45.3% smaller than the median 
of the 30/70 mesh sand, 0.338 mm. The developed equilibrium dune heights for 1.00 ppg 100 mesh 
brown and white sands at a slurry velocity of 14.5 ft/min are 92.2% and 92.88%, respectively. 
When increasing the slurry velocity to 16.1 ft/min, the EDL values decreased to 90.73% and 
91.53% for the brown and white sands, respectively. This reflects a change of 1.35% to 1.45% 
while increasing the velocity by about 11%. Although the smaller sand (100 mesh) shows higher 
velocity erosional effects than the 30/70 mesh sand, its erosional effect is still low at 1.00 ppg. 
Higher velocities within reasonable field conditions (lower than 20 ft/min) showed similar trends 
of low velocity erosional effect on EDL as shown in Figures 4.25 and 4.26. This finding further 
confirms the results from 30/70 mesh sand with stronger evidence, as the 100 mesh is among the 
smaller sand, which is that injecting slickwater at very high flow rates (below β5 ft/min) doesn’t 
seem to be effective in eroding the dune for longer proppant transport. It is only above 20 ft/min 
where the slurry velocity has a medium erosional effect and above 30 ft/min where it shows high 




Figure 4.25: Erosional effect of increasing slurry velocity shows low impact on equilibrium dune 
level using 100 mesh brown sand at 1 ppg concentration. 
 
Figure 4.26: Erosional effect of increasing slurry velocity shows low impact on equilibrium dune 
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More experiments were conducted at lower proppant concentrations to evaluate the velocity 
effect on EDL using the 100 mesh white and brown sands. The results are shown in Table 4.7, and 
they further confirm the low transportability of slickwater indicated by the high EDL values being 
above 70% at the lowest concentration of 0.25 and extremely high slurry velocity of 32.7 ft/min 
in addition to the proppant’s small median diameter. For the slurry velocity erosional effect, the 
100 mesh sand shows a more significant change at lower concentrations than observed at 30/70 
mesh sand. For example, the high erosional effect on EDL for the 100 mesh sand starts at 25 ft/min 
instead of 30 ft/min at the 30/70 mesh sand (both are relative to the 14.5 ft/min velocity). The 
gained erosion by the 100 mesh sand, 12% to 17% of EDL, could help in transporting more sand 
further inside the fracture, but the benefit is still questionable relative to the large amount of fluid 
volumes that need to be pumped.  
 
Table 4.7: EDL values at different slurry velocities (V) and concentrations (C) for 100 mesh 




concentration (C), ppg 
EDL, % 




23.6 80.65 80.11 
26.5 76.88 76.88 




16.6 --- 89.78 
17 88.31 ---- 
19.5 --- 87.10 
28.6 77.15 78.23 




16.1 90.86 91.53 
18.2 88.17 89.25 
20.3 86.69 87.90 
21.9 --- 87.10 
26.1 82.80 --- 




4.3.1.2.1 EDL Trend with Slurry Velocity  
The relationship between the EDL and slurry velocity for the 100 mesh sand was evaluated 
by plotting the experimental results in Table 4.7. The plotted data is presented in Figure 4.27 for 
the brown sand and shows a linear relationship between EDL and velocity at the three tested 
concentrations, 1.00, 0.50, and 0.25 ppg. The same trend at similar concentrations was also 
achieved using the white sand, as shown in Figure 4.28. The linear trends indicate that the slurry 
at 100 mesh sand doesn’t lose its erosional power with increasing velocities unlike with the power 
law trend for the 30/70 mesh sand. The difference in trends between the 100 and 30/70 mesh sands 
is primarily attributed to two factors, the much smaller grain size and fluidized beds height at the 
100 mesh sand. Figure 4.29 compares the fluidized beds of the 100 and 30/70 mesh brown sands 
and shows a maximum fluidized bed height of 1.3/16 inch for the 100 mesh sand and 4/16 inch for 
the 30/70 mesh sand. The lower fluidized bed height and smaller grain size lower the friction 
effects by the fracture slot walls on the fluidized bed and, hence, result in lower friction effects on 
the slurry erosion trend.  
 
 
Figure 4.27: Linear relationship between the equilibrium dune level (EDL) and the slurry 
velocity (V) at different proppant concentrations for the 100 mesh brown sand. 
y = -0.0081x + 1.0361
R² = 0.990
y = -0.0101x + 1.0417
R² = 0.996

































Figure 4.28: Linear relationship between the equilibrium dune level (EDL) and the slurry 
velocity (V) at different proppant concentrations for the 100 mesh white sand. 
 
Figure 4.29: Fluidized beds (traction carpet) at 1.00 ppg showing much lower heights at 100 
mesh brown sand (A) than at 30/70 mesh brown sand (B). 
y = -0.0079x + 1.0407
R² = 0.978
y = -0.0112x + 1.071
R² = 0.988
































The 100 mesh sand proppant, also, shows similar results to the 30/70 mesh sand in terms of 
the slurry having more erosional effect at lower proppant concentrations. This is shown by the 
decreasing slopes of the EDL equations with concentrations in Figure 4.27, which were found to 
be -0.0081, -0.0091, and -0.0101 for concentrations 1.00, 0.50, and 0.25 ppg, respectively. Also, 
the 100 mesh trends show larger effects of increasing concentration on proppant settling at higher 
velocities. At lower slurry velocities, the linear trends seem to converge to very close EDL values 
indicating that concentration has very minimal effect at lower range velocities, lower than 15.0 
ft/min. The same observations were confirmed with the 100 mesh white sand as shown in 
Figure 4.28.  
 
4.3.1.3 20/40 Mesh Sand 
Sets of experiments were also conducted using larger proppant size, 20/40 mesh white sand, 
with a median diameter of 0.739 mm to evaluate the slurry velocity effect on EDL. This median 
diameter is larger than the 30/70 and 100 mesh sands by 119% and 300%, respectively. Due to lab 
equipment limitations, lower concentrations of 0.40, 0.30, and 0.25 ppg were used in the testing, 
as higher concentrations with this large grain sand are too heavy for the centrifugal pump. Even at 
these low concentrations, the EDL values were shown to be very high. For example, at 0.40 ppg 
and slurry velocities ranging from 17.0 to 24.4 ft/min, the EDL values were higher than 90.9%, as 
shown in Table 4.8.  
Also, the erosional effect of increasing the slurry velocity is shown to have a minimal effect. 
This is shown by the eroded 2.6% EDL from the dune while the velocity was increased by 44%. 
This low erosional effect by the 20/40 slurry is attributed to its relatively very large grain size 
making it harder on the slurry to transport and erode.  
Analyzing Table 4.8, it can be seen that even at a very low proppant concentration, 0.25 ppg, 
and increasing the velocity by 58%, the change in EDL is still in the low erosional effect range, 
3%. At the same range of velocity change and proppant concentration, the 100 mesh and 30/70 
mesh white sands showed a decrease in EDL of 12.25% and 5.11%, respectively. This comparison 
shows the large reduction in slurry velocity erosional effect with increasing proppant size. It is 
important to note that the low erosional results shown by the 20/40 mesh white sand are achieved 
at low concentrations. Increasing the concentration to 1.00 ppg is expected to yield even lower 
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erosional effects by the slurry velocity. The observed results in this section indicates that increasing 
the 20/40 mesh sand slurry velocity for erosional purposes in the field won’t yield effective results.  
 























4.3.1.3.1 EDL Trend with Slurry Velocity  
The 20/40 mesh white sand’s EDL curves showed power law trends with the slurry velocity 
at the three tested concentrations as plotted in Figure 4.30. These trends are similar to the ones 
obtained at 30/70 mesh sands and show that the slurry doesn’t sustain the same erosional effect 
when increasing its velocity. The power law trend of the 20/40 erosional effect on EDL is attributed 
to the fracture slot walls’ friction effect on the fluidized bed. Figure 4.31 shows the fluidized bed 
of the 20/40 mesh white sand at a velocity of 24.4 ft/min and a concentration of 0.4 ppg. At these 
conditions, the thickness of the fluidized bed is shown to be 1/4 inch which is larger than the 
heights of both the 30/70 and 100 mesh. The higher fluidized bed height and grain size results in 
more friction effecct experience by the 20/40 than smaller sands which could explain its smaller 





Figure 4.30: Power law relationship between the equilibrium dune level (EDL) and the slurry 
velocity (V) at different proppant concentrations of 20/40 mesh white sand. 
 
Figure 4.31: Fluidized beds (traction carpet) of 20/40 mesh white sand at 0.4 ppg and slurry 
velocity of 24.4 ft/min showing a height of 0.25 inch. 
The three plotted concentrations in Figure 4.30 confirm previous findings by the 30/70 and 
100 mesh sands. These findings include more concentration effect on EDL at higher velocities. 
Also, the curves seem to converge at velocities below 15.0 ft/min. The slopes of the power law 
equations in Figure 4.30 reduce with increasing concentration indicating lower erosional effects at 




































4.3.2 Proppant Concentration Effect on Proppant Transport  
The proppant concentration is a key parameter in the hydraulic fracturing design. Many 
operators start with low proppant loading, usually at 0.25 ppg, and increase it gradually until 
reaching high values with a maximum of 2.5 ppg (King 2010). The selection of the pumping 
proppant concentrations program mainly depends on operational reasons and avoidance of screen 
outs. The effect of increasing and decreasing proppant concentration on proppant transport still 
remains unquantified. It is one purpose of this section to study and quantify the proppant 
concentration effect on the equilibrium dune level using 30/70 mesh brown sand at different 
proppant concentrations while keeping the slurry velocity constant.  
The first test was conducted at 16.6 ft/min while the proppant concentration was increased 
from 0.317 to 0.965 ppg which showed an increase in EDL from 89.78% to 93.28%. This increase 
in proppant settling indicates a proportional effect of concentration on EDL. More middle point 
concentrations at 0.405, 0.590, and 0.873 ppg were tested to evaluate the trend of EDL with 
proppant concentration. The results are plotted in Figure 4.32 and show a power law trend with a 
fitted equation that has R2 of 0.972.  
The increase in EDL with proppant concentration is attributed to three reasons. The first one 
is more particle-particle interaction between proppant grains at higher concentrations. This 
interaction results in hindering the grains velocity resulting in their settling. The second reason is 
more particle-wall interaction. At higher concentrations, particles are forced to move away from 
the centerline closer the fracture walls, which results in more wall interaction and friction effect. 
This higher friction effect reduces particle velocity resulting in their settling. The third reason is 
that grains are moving away from the centerline high velocity to the lower slurry velocity lines 
due to the increased concentration. The centerline is the middle point between the fracture walls 
which offers the highest velocity as illustrated in Figure 2.11. The third reason confirms similar 
observations in previous studies by Gadde and Sharma (2005) and Barree and Conway (1995).  
The power law trend relating EDL to proppant concentration indicates that the magnitude of 
the proppant concentration effect on settling reduces as the concentration increases. This is 
attributed to the higher local critical velocity at higher concentrations. The local critical velocity 
is defined, in this study, as the slurry velocity above the developed equilibrium dune at a specific 
distance from the fracture entrance. It is lower than the actual critical velocity as the dune height 
is still increasing with distance. The local critical velocity increases with EDL due to the lower 
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available area for slurry flow at higher EDL’s. When increasing proppant concentration, the local 
critical velocity increases as well to very high values.  
Figure 4.33 shows that the local critical velocity increases from 162 to 246 ft/min when 
increasing proppant concentration from 0.317 to 0.965 ppg. This increase in local critical velocity 
offers an opposing force to proppant settling by exerting more drag force on particles. Therefore, 
the effect of increasing concentration is diminished by the increase in the local critical velocity 
resulting in the power law trend. Also, the power law trend indicates that there is a certain proppant 
concentration where beyond it, increasing proppant concentration has almost no effect on proppant 
settling or decreasing slickwater proppant transport.  
 
 
Figure 4.32: Equilibrium dune level (EDL) shows a power law trend with concentration (C) at 
16.6 ft/min using 30/70 mesh brown sand. 
 
Figure 4.33: Local critical slurry velocity (VL.cr) increasing with proppant concentration at slurry 
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4.3.2.1 Proppant Concentration Effect at Different Slurry Velocities 
More experiments were conducted at higher and lower velocities than the tested 16.6 ft/min 
velocity to confirm the observed trend and evaluate its behavior at different velocities. The 
obtained experimental results of these tests are shown in Table 4.9. The data shows the same 
proportional effect of concentration on EDL observed at 16.6 ft/min at all tested velocities, 8.3, 
12.4, 20.7, and 24.8 ft/min. The data in Table 4.9 is plotted in Figure 4.34 which, also, confirms 
the power law trend between EDL and proppant concentration with high R2’s above 0.λ40.  
 
Table 4.9: Experimental data for evaluating proppant concentration effects on EDL at constant 
slurry velocity and using 30/70 mesh brown sand 


































Figure 4.34: Equilibrium dune level (EDL) shows a power law trend with varying concentration 
(C) at different slurry velocities using 30/70 mesh brown sand. 
Another observation which confirms the findings in Section 4.3.1 is that the effect of 
proppant concentration increases with increasing the slurry velocity. This is shown by the 
increasing trend in the power law equations’ slopes when increasing the slurry velocities in 
Figure 4.34. For example, increasing the slurry velocity from 8.3 to 24.8 ft/min increased the power 
law equation slope from 0.0048 to 0.0497. The slope value reflects the magnitude of change in the 
independent variable, EDL, based on the change of the dependent variable, proppant 
concentration. The higher the power law equation slope, the higher is the concentration effect on 
EDL.   
The reason behind the reduction of proppant concentration effect with decreasing slurry 
velocity is the high local critical velocities at lower slurry velocities. Figure 4.35 shows the local 
critical velocities for three slurry velocities. It can be seen from this figure that at 12.4 ft/min, the 
local critical velocity starts high, above 231 ft/min at a concentration of 0.405 ppg. However, for 










































high local critical velocities with slower slurries reduces the friction effect caused by increasi g 
the concentration and, as a result, reduces the proppant concentration increase effect on EDL.  
 
 
Figure 4.35: Local critical slurry velocity (VL.cr) increasing with proppant concentration at slurry 
velocity of 16.6 ft/min and using 30/70 mesh brown sand. 
The results obtained at 30/70 mesh brown sand were confirmed at a smaller sand size, 100 
mesh brown sand, as shown in Figure 4.36. Two velocities were tested with 100 mesh brown sand, 
16.6 and 20.7 ft/min, while varying the concentration from 0.25 to 0.87 ppg. The 100 mesh brown 
sand shows similar power law trends for the concentration effect on EDL with high R2’s, above 
0.970. The concentration experimental results indicate that proppant transport is considerably 
affected by concentration at velocities greater than 20.0 ft/min and has almost negligible effect on 
proppant transport at lower velocities than 12.4 ft/min. This indicates that proppant transport can 
be enhanced greatly with decreasing concentrations at higher velocity. However, if the slurry 
velocity is below 12.0 ft/min, it is recommended to go with the highest possible concentration to 








































Figure 4.36: 100 mesh brown sand shows a power law trend for the equilibrium dune level 
(EDL) as a function of concentration (C) at different slurry velocities. 
4.3.3 Proppant Diameter Effect on Proppant Transport 
The selection of the proppant size in a slickwater hydraulic fracturing design considers 
different objectives mainly aiming to achieve sufficient fracture conductivity, smooth operation, 
and good proppant transport. Larger proppant sizes are obviously harder to transport due to their 
larger grains weight which makes some operators believe that 100 mesh proppant size is a better 
option for slickwater proppant transport. Although that might be the case, the difference between 
small and large diameter proppants from a proppant transport perspective hasn’t been quantified 
for effective design and proppant size selection. For this reason, in this section, three proppant 
sizes, 100, 30/70, and 20/40 mesh, of sand were selected to evaluate the size effect on slickwater 
proppant transport. Also, two types of sands were used for the testing, white and brown sands.   
The proppant diameter effect on proppant transport was quantified by evaluating the 
equilibrium dune level at different proppant median diameters. The first set of experiments uses 
1.00 ppg of brown sand to compare the change in EDL from increasing the median diameter from 
0.185 (100 mesh) to 0.338 (30/70 mesh) mm for a range of slurry velocities from 14.5 to 26.1 
ft/min. The results are plotted in Figure 4.37 and indicate a proportional relationship of EDL with 
the proppant median diameter. The base case slurry velocity (14.5 ft/min) shows that EDL 


































This indicates that reducing the proppant median diameter lowers proppant settling and enhances 
slickwater proppant transport. The change in EDL is shown to be very low relative to the change 
in the median diameter, as the resulting increase in EDL was only 2.15% while the diameter was 
increased by 82.7% (almost a 36-to-1 ratio of change). The higher slurry velocities in Figure 4.37 
show to enhnce the diameter effect on EDL value. Increasing the velocity to 18.2 ft/min showed a 
change of 4.6% EDL betewen the 100 and 30/70 mesh brown sands.   
 
 
Figure 4.37: The median diameter (D) enhances the proppant transport when decreased for a 
brown sand at 1.00 ppg at various slurry velocities. 
Although the decrease in EDL was shown to be small relative to the median diameter 
decrease, it could have a large impact relative to field conditions and could yield a significant 
increase in slickwater proppant transport. In a 200 ft high fracture, the 4.6% increase in EDL is 
equal to 9.2 ft of proppant. Assuming a fracture length of 500 ft, this would translate to 4,600 
square ft of proppant displaced further inside the fracture. Therefore, it is important to consider the 
field scale when evaluating the significance of the relatively small changes observed in the lab 
results.  
There are three factors which are believed to be the causes of the observed increase in EDL 
with larger proppant diameters. The first and main factor is the larger weight of the proppant grains 































The larger weight of the grains makes it harder on the slurry to transport them due to the larger 
gravitational force acting on the grains in the downward direction. The second factor is related to 
higher interaction between the grains and fracture wall. Larger particles have a larger surfac area 
and they are more exposed to particle-particle and particle-fracture walls interactions which results 
in hindering their velocity and settling. The third factor is related to the fact that larger grains 
occupy larger space making them more likely to not be closer to the slurry flow centerline v locity. 
Being exposed to slower velocity lines outside the centerline results in reducing the large grains 
velocity and, hence, increasing their tendency for settling. Gadde and Sharma (2005) and Barree 
and Conway (1995) shared similar observations in their studies.  
More experiments were conducted using white sand with a wider range of proppant 
diameters to evaluate the EDL trend with changing the proppant diameter and confirm the observed 
results at larger diameters. Three median diameters of white sand were tested, 0.185 (100 mesh), 
0.338 (30/70 mesh), and 0.739 (20/40 mesh) mm, at a slurry velocity of 20.7 ft/min and a 
concentration of 0.470 ppg. The results are plotted in Figure 4.38 and show a power law trend 
relating EDL with the median diameter. The power law trend is attributed to the higher local 
critical velocities at higher EDL values which act as an erosional force countering the effect of 
larger and heavier grains and, hence, reducing their effect on settling.  
 
 
Figure 4.38: Equilibrium dune level (EDL) shows a power law trend with the median diameter 
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4.3.3.1 Proppant Diameter Effect at Different Concentrations 
The proppant diameter effect was found to have a power law relationship with EDL, as 
shown in Figure 4.38. In this sub-section, the proppant concentration effect on this power law trend 
is evaluated. Three set of experiments were conducted using three proppant median diameters, 
0.185, 0.338, and 0.739 mm, while varying the concentration from 0.25 to 1.069 ppg at a slurry 
velocity of 20.7 ft/min. Figure 4.39 shows the obtained results. In addition to confirming the 
previously observed power law trend for the concentration effect on EDL, it clearly shows that the 
proppant diameter has more effect on EDL at larger concentrations. This is indicated by the power 
laws’ slopes increasing from 0.0γ65 at 0.185 mm to 0.0733 at 0.739 mm. That indicates the EDL 
difference between the median diameter curves widens at larger concentrations and, hence, 
increasing the diameter effect on EDL.  
 
 
Figure 4.39: Proppant median diameter shows an increasing effect with concentration (C) on the 
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Also, Figure 4.39 shows that below a concentration of 0.25 ppg, the median diameter curves 
greater than 0.338 mm seem to converge to very close values. This indicates that the effect of 
changing the median diameter above 0.338 at a concentration below 0.25 ppg is almost negligible 
relative to the effect shown below 0.338 mm. More experiments were conducted using brown sand 
and their results are plotted in Figure 4.40. The brown sand results confirm similar findings and 
show more effects of concentration on the proppant median diameter. In a field application, these 
results show that changing the concentration of a 20/40 mesh sand is more significant on slickwater 
proppant transport than a 100 mesh proppant. Therefore, it is highly recommended to consider 
lower concentrations with the 20/40 and 30/70 mesh sand. The 100 mesh sand shows to not be 
much affected by the change in concentration.  
 
 
Figure 4.40: Brown sand shows similar effect of proppant median diameter on the equilibrium 
dune level (EDL) at a slurry velocity of 16.6 ft/min. 
4.3.3.2 Proppant Diameter Effect at Different Slurry Velocities 
Increasing the slurry velocity has an erosional effect on the dune height that might enhance 
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EDL at various velocities with two median diameters, 0.185 mm (100 mesh) and 0.338 mm (30/70 
mesh) were plotted as shown in Figure 4.41. Three observations can be drawn from this figure. 
The first one is that lowering the median diameter results in less proppant settling and more 
proppant transport confirming previous results presented in Section 4.3.3.  
The second observation is that increasing the slurry velocity enhances the proppant median 
diameter effect on EDL. This is shown in Figure 4.41 where the two data sets show to have larger 
gaps at higher slurry velocities. The third observation is related to the two trends converging to 
very close values below 15.0 ft/min. This indicates that at lower velocities, both proppant diameter 
curves could be so close that increasing or decreasing the proppant diameter might have almost no 
effect on slickwater proppant transport. More results were analyzed at lower concentrations, 0.25 
and 0.50 ppg, confirming similar results, as shown in Figures 4.42 and 4.43.  
 
 
Figure 4.41: Decreasing the proppant median diameter enhances the velocity erosional effect for 
a brown sand at 1.00 ppg. 
y = 1.231x-0.099
R² = 0.991
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Figure 4.42: Similar trends for the proppant median diameter role in enhancing the slurry 
velocity erosional effect using 0.50 ppg brown sand. 
 
Figure 4.43: 0.25 ppg brown sand shows further confirmation of the proppant median diameter 
effect on the EDL and slurry velocity trend. 
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The larger grain size effect at higher slurry velocity is attributed to the increased proppant 
friction with the fracture slot walls and thicker developed fluidized bed shown in Figure 4.29. The 
higher friction in the fluidized bed magnifies the role of the proppant diameter on settling and, 
hence, increasing or decreasing the diameter shows more effect at higher slurry velocities (higher 
friction effect). However, when the slurry velocity is reduced, the fluidized bed thickness is 
reduced resulting in lower friction effect with the fracture walls and, hence, lowering the effects 
of increasing or decreasing the proppant diameter.  
The results obtained by the brown sand were further confirmed using the white sand with a 
third and larger grain size, 0.739 mm, as shown in Figure 4.44. The white sand results also confirm 
previous results that increasing the proppant median diameter above 0.338 mm has minimal effect 
on proppant transport at low concentrations, 0.250 ppg. This is shown by the much closer values 
between the 0.338 and 0.739 mm diameter curves than between 0.338 and 0.185 mm curves in 
Figure 4.44. Also, this figure provides another indicator of the lower effect of slurry velocity on 
EDL at higher diameters. The experimental data in Figure 4.44 were re-plotted as a function of the 
proppant median diameter for further demonstration of the median diameter decaying effect on 
proppant transport, as shown in Figure 4.45.  
 
 
Figure 4.44: White sand tested at 0.25 ppg and three proppant diameters shows that the proppant 
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Figure 4.45: EDL plotted as a function of the proppant diameter showing a decreasing effect of 
proppant diameter as it increases in size using white sand at 0.25 ppg. 
4.3.4 Grain Shape Effect on Proppant Transport 
The proppant type is a major factor in the hydraulic fracturing design, and there are different 
considerations to reaching a decision on selecting the optimum proppant type. Part of the 
distinguishing features of a certain proppant type is its grain shape. There are angular (brown sand), 
more rounded (white sand) proppants, and almost perfect spherical proppant (ceramics). About 
80% of pumped proppant in the United States is a sand type proppant at an average loading of 
about 0.8 ppg (Patel et al. 2014). More specifically, the white sand is the commonly used sand 
type at a usage rate of more than 85% of all sands. The white sand is mainly used for its more 
rounded shape and marginally higher crushing strength compared to brown sand, which offers 
better conductivity (Brannon 2011). The higher sphericity and roundness of the white sand is 
shown in Figure 1.8.  
In this section, the effect of the more rounded and spherical gain shape proppant on 
slickwater transport is evaluated and quantified experimentally using EDL values measured for 

































to answer the question of which sand type offers a better proppant transport performance. Also, 
more analysis is discussed related to the role of the grain shape in enhancing the slurry velocity, 
proppant concentration, and grain diameter effects on slickwater proppant transport. 
 
4.3.4.1 Grain Shape Effect on EDL 
 The EDL values of the white and brown sands were compared to evaluate the effect of the 
grain shape on proppant transport. Flow experiments using both sands were conducted at the same 
conditions of proppant median diameter (0.338 mm, 30/70 mesh) and concentration (1.00 ppg) 
while varying slurry velocity for more data points for comparison and verification. The obtained 
lab data for the 30/70 and 1.00 ppg at the various slurry velocities show that the white sand has 
lower proppant transport performance and more proppant settling tendency than the brown sand, 
as shown in Figure 4.46. This is indicated by the lower EDL values observed for the brown sand 
indicating its better proppant transport ability.  
 
 
Figure 4.46: More proppant settling is observed with the white sand indicating the negative 
effect of higher grain roundness and sphericity shape on proppant transport, conducted at a 





































There are two competing forces related to the effect of grain shape on proppant transport 
which could explain the observed settling tendency behavior of the white and brown sands. The 
first force is the summation of the wall friction and particle-particle interaction effects which 
hinder the grain velocity and increase its settling tendency. The second force counters the wall and 
particles friction effects and is the fluid drag force exerted on the grain. The higher the drag force 
on the proppant, the lower is its settling tendency.  
These two forces are proportionally related to the grain drag coefficient which is higher for 
more angular grains and lower for more rounded and spherical shapes, as shown in Figure 2.9. 
Due to its lower drag coefficient, the white sand has a lower friction effects with the walls and 
surrounding particles than the brown sand. On the other side, the brown sand experiences more 
drag forces due to its higher drag coefficient than the white sand. Therefore, the lower proppant 
settling observed with the brown sand is attributed to its fluid drag to friction effect forces ratio 
being higher than the ratio of the white sand.  
 
4.3.4.2 Grain Shape Effect at Different Slurry Velocities 
The gap between the white and brown sand curves in Figure 4.46 increases with velocity. 
This is due to the brown sand having a 40% lower power law slope. This indicates that the grain 
shape effect on proppant transport increases with increasing the slurry flow rate. This is attributed 
to the drag force effect at higher velocities being more influential than the friction effect by the 
fracture walls resulting in higher proppant transport results between the two sand types.  
Another interesting observation is shown at slurry velocities below 15.0 ft/min where both 
curves seem to converge toward almost similar values. This implies that there is a certain velocity 
below 15.0 ft/min where changing the grain shape between a white and brown sand doesn’t have 
much effect on proppant transport. This is attributed to the slurry reaching a velocity where the 
drag-to-friction forces ratio is not that different between both sands. The same findings are 
confirmed with 100 mesh size brown and white sands as shown in Figure 4.47.  
From a proppant transport perspective, these results show that the more preferred option is 
the brown sand to increase the propped area in the induced fractures. However, this selection also 
depends on the targeted conductivity and available flow rates. If higher injection flow rates are 
available (above 25 ft/min), then selecting brown sand may yield a higher propped area than the 
white sand. The incremental gain in proppant transport by the brown sand needs to be evaluated 
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with considerations of the required conductivity and the better conductivity offered by the more 
rounded and spherical grains of the white sand. At lower velocities, lower than 15.0 ft/min, the 
proppant transport of both sands is almost similar and the white sand selection wins due to its 
expected higher conductivity and crushing strength.  
 
 
Figure 4.47: Grain shape effect shows to increase at higher velocities and diminishes at velocities 
lower than 15.0 ft/min using a proppant median diameter of 0.185 mm (100 mesh) and a 
concentration of 1.00 ppg. 
4.3.4.3 Grain Shape Effect at Different Proppant Concentrations 
In addition to the slurry velocity, the grain shape effect on proppant transport is influenced 
by the proppant concentration. Figure 4.48 shows the results of 30/70 mesh white and brown sand 
tested at a constant velocity of 12.4 ft/min while changing the concentration from 0.425 to 1.495 
ppg. As shown from the results, increasing the concentration enhances the grain shape effect on 
EDL and proppant transport. Also, the results show that at concentrations below around 0.425 ppg, 
the grain shape has a very minimal effect on EDL at the tested velocity. The enhancing effect of 
concentration on the grain shape is attributed to the increased drag force effect on proppant with 
more grains (higher concentrations) and, hence, showing a wider change on the proppant transport 
results and EDL values. Experiments using a smaller proppant diameter at 0.185 mm (100 mesh) 



































Figure 4.48:  Increasing the proppant concentration shows to enhance the grain shape effect on 
EDL at a slurry velocity of 12.4 ft/min and proppant median diameter of 0.338 (30/70 mesh). 
 
Figure 4.49: Confirming results on the concentration effect on the grain shape using a proppant 
median diameter of 0.185 mm (100 mesh) at a slurry velocity of 16.6 ft/min. 
4.3.5 Fracture Wall Friction Effect on Proppant Transport  
The developed proppant dunes in all conducted experiments showed curved shapes that 
increase in height with the lateral distance and have their lowest height at the fracture slot entrance. 
Figure 4.12 shows the developed dune for the base case using 30/70 mesh brown sand at 14.5 































































from 21.19 inches at the entering point of sand to 21.94 inches at a distance equal to 40% of the 
fracture total height recorded at the second measuring tape. The increase in the dune height wit  
length is attributed to the fracture slot walls’ friction effect on proppant settling. This friction is 
believed to slow down the particles causing them to settle along the fracture and, hence, increasing 
the dune height. Settling due to friction seems to be the highest at the fracture entrance as indicated 
by the sharper increase in the dune height at the entrance followed by a decreasing trend.  
It is important to note that the change in friction effect along the dune height profile is 
accompanied by a slurry velocity increase. At the fracture entrance, the slurry velocity is 145 
ft/min, which increases with distance and reaches 257 ft/min at the end of the 9.3-inch section 
(40% DFH) and 270 ft/min at the end of the 13.5-inch section (58.1% DFH). This large increase 
in velocity exerts more drag force on the proppant grains and, therefore, minimizes the slot wall 
friction effect. This results in an inverse relationship between slurry velocity and friction effect on 
settling, as demonstrated in Figure 4.50. As the dune shape seems to reach a constant height with 
distance, this suggests that there is a certain velocity where the drag force exerted by th  high 
slurry velocity cancels the friction effect on proppant settling. This velocity is defined as the critical 
velocity, Vcr.  
 
 
Figure 4.50: The inverse relationship between slurry velocity and frictional effects shown for the 
first 9.3 inches of the dune (40% DFH). 
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4.3.5.1 Quantifying the Fracture Wall Friction Effect  
An effort was made to quantify the slot wall frictional effect on proppant settling for the base 
case condition. This was achieved by calculating the ratio of settled proppant volume due to 
friction to the total dune volume. The total dune volume is defined as the total volume below the 
red solid curve in Figure 4.12 while the proppant volume settled due to friction is defined as the 
dune volume enclosed between the red solid curve and dashed black line (top of dune and 
horizontal section). Appendix A outlines the method used to calculate these volumes. The settled 
dune volume due to friction was calculated to be 1.31 in3, which is equal to 2.52% of the total dune 
volume in the first 13.5 inches of the primary fracture slot.  
Another way to measure the friction effect on proppant settling is to calculate the ratio of 
gained dune height due to friction to the dune height at the fracture entrance. For the base case 
condition, the dune increased by 0.8125 inches from the fracture entrance to the end of the 
evaluated distance. This increase represents 3.8% of the dune height at the fracture entrance. 
Considering a fracture height of 200 ft, this would mean an increase of about 7 f in dune height 
from the fracture entrance to a lateral distance of 80 ft under similar field conditions.  
  The friction effect was quantified at the other tested velocities for the 1.00 ppg 30/70 mesh 
brown sand using the method discussed in Appendix A. Settled volume percentages due to friction 
at the different slurry velocities are shown in Figure 4.51. The results show a non-linear 
relationship between the slurry velocity and friction effect. The non-linear trend indicates a non-
linear relationship between wall friction effect on proppant settling and slurry velocity. The dune 
shapes forming at each slurry velocity are shown in Figure 4.52 and they show a changing tre d 
in the dune shape as well.  
The more curved dune shapes at higher velocities confirm the increasing slot wall frictional 
effect in Figure 4.51. At a velocity of 20.3 ft/min and higher, the dune starts to curve more 
aggressively near the fracture entrance and the more curved section of the dune starts to move 
forward inside the fracture with increasing velocity. For the dunes at 18.2 ft/min and lower, their 
dune shapes seem to have similar trends which may explain the change in trend in the plotted data 
points in Figure 4.51. Fitting a power law equation through the settled dune volume ratio values 




Figure 4.51: Frictional effects on proppant settling at various slurry velocities for 1.00 ppg 30/70 
mesh brown sand. 
 















































4.4 Experimental Data Repeatability and Error Analysis 
Reproducibility of experimental data is a critical aspect of any experimental study. It directly 
affects the reliability of the produced laboratory data and obtained conclusions. The experimental 
apparatus’s high precision was accounted for from the design stage of the equipment as illustrated 
in Section 1.1. Also, a cautious implementation of the experiemntal procedure and continous 
monitoring of the system while conducting the experiment was important to increase the accuracy 
of the generated data.  
This section analyzes the uncertainty level of the obtained experimental results in two ways. 
The first one is by analyzing the obtained experimental result trends and sensitivity to experimental 
parameters changes. The R2 values of the data trends for a wide range of variables and values were 
shown mostly to be above 0.98 which is an indicator of a reliable system and high accuracy 
experimental results. Also, the data showed distinct trends of close slurry velocity values, within 
8%, over a wide range of concentrations. This indicates that the system was able to sense small 
changes in the controlling parameters’ values and generate different trends with R2 higher than 
0.97. In addition, the obtained trends were always found to follow a logically sound trends that 
could be explained based on physics.   
The second method to evaluate the repeability of the experimental sutdy was by conducting 
four separate tests. After each test, the system was cleaned, sand was dried, and the experiment 
was repeated. Usually, one experiment takes 2-3 days to complete. The tests were conducted using 
30/70 mesh brown sand with a concentration of 1.00 pg and at a slurry velocity of 14.5 ft/min. The 
four tests showed very close dune heights with a mean of 21.94 inches and an error of 0.2%, as 
shown in Figure 4.53. The error was calculated by dividing the difference between the maximum 
and minimum readings by the mean value.  
A statistical analysis technique was utilized to get more insight about the data accuracy. The 
standard deviation was calculated to be 0.0112 inches (0.051% of the mean). A 95% conficence 
interval was calculated and found to start from 21.93 to 21.95 inches. This means if a test is 
repeated, there would be a 95% propabilty that the measured height falls between 21.93 and 21.95 
inches. The next measured data point in the 1.00 ppg 30/70 mesh brown sand was at 16.1 ft/min 
which showed 21.78 inches (93.68 % EDL). The measured height at 16.1 ft/min is significantly 
far from the 95% confidence interval at 14.5 ft/min which indicates reliable experimental data. 
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Table 4.10 shows the statistical analysis of the repeatability tests indicating a very small range for 
the 95% confidence interval.   
 
 
Figure 4.53: Repeatability tests using 30/70 mesh brown sand at 1.00 ppg and 14.5 ft/min 
showing a small experimental error range of 0.2% from the mean value.  




















4.5 Proppant Transport in Subsidiary Fractures 
Hydraulic fractures created by slickwater fluids are commonly known for their fracture 
network complexity, which presents a challenge for slickwater proppant transport. In fact, 
slickwater’s ability to transport proppant into secondary and tertiary fractures is a debatable 
question in the industry and challenging to evaluate in the field and experimentally. This section 
offers an experimentally based answer to this key question and goes beyond that to quantify the 
proppant in the fractures network. Experiments were conducted using the base case conditions, 
1.00 ppg 30/70 mesh brown sand injected at a slurry velocity of 14.5 ft/min.  
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The apparatus fractures network contains three secondary and two tertiary fractures and has 
the same rough walls as the primary fracture. The secondary fractures were attached to the primary 
fracture at 90° angles and separated at equal distances of 8 inches (equal to 34.4% DFH). Proppant 
transport in tertiary fractures was tested by building two tertiary fractures attached to the secondary 
fractures with a 90o and parallel to the primary fracture in opposite directions (refer to Figure 1.1).  
The difficulty of proppant transport in secondary and tertiary fractures is attributed to the 
expected low slurry velocity inside them due to their smaller widths and steep entry angles from 
the primary fracture, sometimes above 90o. As slurry velocity is a major driver for proppant 
transport, it is believed that the subsidary fractures have lower propped area relative to the primary 
fracture. However, the transported amount in secondary and tertiary fractures is not known and is 
needed to be quantified to evaluate if it is a considerable or negligable amount. In this section, 
proppant reach time and settled amount in subsidary fractures are quantified relative to the primary 
fracture. Also, the dune development mechanisms in secondary and tertiary fractures are evaluated. 
In addition, the fractures network propped areas are measured to get more insight about the 
subsidary fractures proppant conductivity contribution relative to the primary fracture from a 
proppant transport prospective.  
 
4.5.1 Proppant Dune Time Line 
Slickwater proppant tranport in subsidary fractures is evaluated in this section by measuring 
the proppant reach time to each subsidary fracure relative to the primary fracture and evaluating 
the settled proppant amount in the fractures network with time. The reach time is defined as the 
time where proppant first enters the fracture and measured by taking time zero to be the time when 
proppant first enters the primary fracture. The ratio of the dune-to-fracture area (DFA) is used to 
measure the extent of fracture area fill up by the settled proppant and is calculated by dividing the 
proppant area over the fracture area. The area of the fracture is constant and calculated by 
multiplying its height by its width while the dune area depends on the dune shape.  
 
4.5.1.1 Proppant Reach Time 
At the beginning of slurry injection into the system, all injected proppant settles in the 
primary fracture within a distance of 58.1% DFH. After 0.8 minutes of injection, proppant start to 
settle in the first secondary fracture (S-1) followed by proppant entering the second secondary 
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fracture (S-2) at 1.0 minute. It took 2.92 minutes for proppant to begin settling in the third 
secondary fracture (S-3). From the observed results and recorded reach times, proppant is shown 
to settle in the three secondary fractures and flow first in the closest secondary fracture to the 
primary fracture. Also, it is shown that although they have 34.4% DFH distance separating them, 
the proppant reach time to the first three secondary fractures is short, within 3 minutes.  
It is important to highlight that the initial proppant reaching the subsidary fractures is very 
small in size as they were transported via hindered settling, Stage 1 proppant transport mechanism. 
Therefore, it is necessary to balance the impact of this short reach time with the size and expecte
conductivity of these small size grains. In addition, the proppant amount settling in Stage 1 for 
secondary fractures was found to be very small, 1.00 % DFA at the maximum developed Stage 1 
dune as discussed in Section 4.5.2.1.  
 The much closer reach times of the the first two secondary fractures, S-1 and S-2, compared 
to the third one, S-3, is mainly attributed to the higher slurry flow rate in S-2 than both S-1 and S-
γ because it is the only secondary fracture that doesn’t have a tertiary fracture attached to it. This 
makes S-2 has a lower back pressure resistance to receiving more fluid flow. The large difference 
in the proppant reach time indicates that proppant flow in secondary fractures is not only a function 
of their sequential position along the primary fracture but also the expected flow rate inside them. 
That means a secondary fracture that’s easier to flow into is more likely to receive more proppant 
than a fracture with higher flow resistance.  
Proppant did show to flow in tertiary fractures which is more difficult for proppant transport 
than secondary fractures due to their geometry. Proppant has to turn two corners to settle in tertiary 
fractures, and they showed significantly longer reach time. Proppant started flowing in the first 
tertiary fracture (T-1) in 5.98 minutes (7.5 times the reach time in S-1) and in the second tertiary 
fracture (T-2) in 9.75 minutes (3.3 times the reach time in S-3). T-1 was compared to S-1 while T-
2 was compared to S-3 because these secondary and tertiary fractures are connected. The longer 
reach times for tertiary fractures are attributed to two reasons. The first one is the expected much 
slower proppant velocity in the secondary fractures making it harder to transport further and reach 
the tertiary fractures.  
The second reason is attributed to the tertiary fracture sharp angle with the secondary fracture 
making it hard for transported particles to travel with the slow velocity slurry that long and turn 
the corner. The initial very low velocity in the secondary fractures requires more time to develop 
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enough dune height to increase its value enabling the slurry to transport proppant to tertiary 
fractures. Figure 4.54 summarizes the proppant reach time in the fractures network. 
 
 
Figure 4.54: Proppant reach times in the subsidiary fractures showing significantly longer times 
for tertiary fractures relative to primary and secondary fractures. 
4.5.1.2 Proppant Dune Development Time 
The dune develoment with time in subsidary fractures was measured to evaluate and quantify 
the proppant transport in the fractures network. For comparsion purposes, the dune development 
times in the fractures were compared at similar DFA values, 25%, and 50%, and at the first full 
dune development. The first full dune development refers to the dune reaching its EDH at the 
beginning of the fracture while it is still under development at the rest of the fracture length. The 
proppant reach time shown in Figure 4.54 marks the starting point of proppant settling in each 
fracture. After that, proppant kept settling with time at different rates in the various fractures. The 
primary fracture developed a dune covering 25% DFA in 2.62 minutes. DFA for the primary 
fracture is measured for the dune developing in the first part of the primary fracture (P-1) which 































build-up time among subsidary fracures where it reached 25% DFA in 6.13 minutes while S-2 and
S-3 reached 25% DFA in 7.75 and 9.25 minutes, respectively. The rest of the dune development 
times and their DFA values are displayed in Figure 4.55.   
 
 
Figure 4.55: Timeline of proppant dune entering and filling the fracture network. Significant 
dune development time differences can be observed. 
The results show that the secondary fractures have much longer dune development times at 
all measured dunes than the primary fracture. In fact, the primary fracture reached its first full dune 
development (in 6.12 minutes) before any of the secondary fractures completed 25% DFA. This 
is primarily due to the much higher flow rates and proppant concentration in the primary fracture 
relative to the subsidary fractures. Also, S-1 was shown to have a shorter 25% DFA time than the 
other secondary fractures and is attributed to the higher proppant concnetration slurry flowing into 
it. The lower proppant concentration flowing in S-2 and S-3 results from more proppant settling 
due to longer travelled distance in the primary fracture before reaching them relative to S-1. S-3 
takes a shorter time than S-2 to build 25% DFA as a result of the increased propant concentration 










































First full dune development
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Also, the secondary fractures have much faster dune development times for the 50% DFA 
than for the 25% DFA. In fact, the 50% DFA dune development time in S-1 is 34.3% of the time 
needed for developing the 25% DFA. The other secondary fractures showed even smaller time 
ratios. This observation suggests that the subsidary fractures dune developmnets depend heavily 
on the DFA value in the primary fracture. This can be observed in Figure 4.55 where P-1 has its 
full dune developed at or during the 25% DFA of the secondary fracture. Also, this observation 
indicates that to expedite and increase the propped area in secondary fractures, the primary fracture 
dune has to be developed faster.  
The dune development rates in the subsidary fractures dependence on the primary fracture 
dune level is attributed to three reasons. The first one is at higher DFA in the primary fracture there 
is a larger proppant area exposed to the secondary fractures at their connecting areas which 
increase proppant flow rates into them. The second reason is the higher slurry velocities developing 
at higher DFA values. The dune height increases with DFA which decreases the available area for 
flow resulting in higher slurry velocity. This higher velocity increases the proppant flow in 
secondary fractures by being more capable of transporting more grains. The third reason is related 
to the proppant concentration. The slurry proppant settling in the primary fracture reduces its 
proppant concentration which results in less proppant flow in secondary fractures. Therefore, with 
higher DFA in the primary fracture, proppant settling reduces resulting in higher proppant flow 
rate in subsidary fractures.  
The dune development times in the secondary fractures follow the same order observed with 
the proppant reach time as S-1 has a faster dune build-up time than other secondary fractures. Also, 
it can be observed that the faster flow rate in S-2 still affects its dune development rate as it affected 
its proppant reach time by showing closer DFA times to S-1 than to S-3. It is interesting to note 
that the secondary fractures exceed 50% DFA almost after the preceeding secondary fracture 
builds its first full dune. This shows the dependence of proppant transport in further secondary 
fractures on closer secondary fracture dune areas. 
The tertiary fractures showed, as expected, longer dune development times than the 
secondary fractures as shown in Figure 4.55. T-1 is attached to S-1 and its DFA value is shown to 
depend heavily on the dune development in S-1. The same thing is observed for T-2 and S-3
fractures. The dune development in T-2 showed faster rate than T-1 during the 25% DFA. This is 
attributed to the higher DFA values in S-3 compared (connected to T-2) to S-1 (connected to T-1) 
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during the development of the 25% DFA. This means the slurry reaching T-2 has a higher proppant 
concentration and, hence, more proppant transport and settling.  
T-β doesn’t show the same fast development rate after passing β5% DFA. In fact, it shows 
more than the double and triple development times than T-1 for the 50% DFA and first dune, 
respectively. This is mainly attributed to the very low flow rate in S-3 after it developed its first 
full dune compared to S-1. The low flow rate in S-3 was caused by its very high height reaching 
98.7% EDL which left a very small area for flow, almost closing the fracture. The lower area for 
flow in S-3 when combined with its slow slurry velocity resulted in a much slower proppant 
transpot in T-2 compared to T-1. 
 
4.5.2 Proppant Dune Development Mechanism and Dimensions  
The dune development in subsidary fractures is very important to study for more insight 
about the expected propped areas and conductivity from the hydraulic fractures network by 
slickwater. This section evaluates the proppant transport, dune shapes, and dune areas in the 
secondary and tertiary fractures using experimental results. The dune development in secondary 
fractures was observed to follow the same primary fracture developmental stages (Stage 1, 2, 3, 
and 4) discussed in Section 4.1. Although they follow the same mechanisms, their dune heights, 
lengths, and angles are different as the slurry velocity inside the subsidary fractures is much lower 
than in the primary fracture.  
 
4.5.2.1 Stage 1 Dune Development 
The Stage 1 dune development mechanism was observed in all the three of the secondary 
fractures as shown in Figure 4.56. This indicates that slickwater can transport proppant via 
hindered settling during the dune development in secondary fractures which means that proppant 
are capable of turning the corner while they are travelling with the fluid. The proppant reach in 
Stage 1 varied from one fracture to another as the slurry velocity inside them is different. Proppant 
reach in this section refers to the travelled disance by proppant inside a certain fracture. S-1 showed 
a reach of 27.8% DFH for Stage 1 while S-2 and S-3 showed reach values of 31.0%  and 18.1% 
DFH, respectively. The reach distance of S-1 is shorter than that for S-2 by 3.2% DFH. This is 
attributed to its closer position to the primary fracture lowering its exposure time to Stage-1 in the 
primary fracture and quicker reach to Stage-2. S-3 has the shortest Stage 1 proppant reach due to 
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its very low slurry velocity and proppant concentration as the slurry lost some flow energy in the 
preceeding two secondary fractures, S-1 and S-2, before reaching it. Stage 1 dune development 
was not observed in the tertiary fractures, and this is mainly attributed to the very low slurry 
velocity in the secondary fractures which was not capable of transporting proppant grains via the 
hindered settling mechanism into tertiary fractures.  
 
 
Figure 4.56: Dune shape in the first secondary fracture (S-1) showing the development of Stage 1 
and Stage 2 dunes.  
The Stage 1 dune heights vary considerably between the secondary fractures. S-1 showed to 
have the highest height of 0.70 inch (3.01% DHFH). The other two secondary fracture, S-2 and S-
3, showed lower heights of 0.55 inch (2.37 % DHFH) and 3/16 inch (0.81% DHFH), respectively. 
As indicated by the results, the Stage 1 dune heights in the secondary fractures reduce with 
increasing the number of intersecting fractures. This is attributed to the lower slurry concentration 
flowing in further fractures. The much shorter Stage 1 dune heights and lengths in the secondary 
fractures relative to the primary fracture make their areas also much lower. Using the 200 ft 
fracture height field example, the heighest calculated area among the secondary fractu es was for 
S-1 which showed a Stage 1 dune area of 167.4 ft2 (1.00% DFA) which equals to 6.6% of the Stage 
1 dune area in the primary fracture. The sum of Stage 1 dune areas in the secondary fractures ratio 
to the primary fracture Stage 1 dune area is only 13.5%.  
 
4.5.2.2 Stage 2 Dune Development 
The secondary fractures developed the Stage 2 dune as shown in Figure 4.56 where a much 
larger slope dune follows the Stage 1 dune. The starting point of Stage 2 in the secondary fractures 





the primary fracture was high enough to activate the proppant transport by rolling mechanism as a 
a result of higher gravitational and drag forces. It is important to mention that secondary fractures 
showed both proppant transport mechanisms during Stage 2, rolling and free settling. The Stage 2 
dune developed at much faster rate due to its higher proppant transport than Stage 1. The top of 
the dune was at almost the same dune level in the primary fracture as shown in Figure 4.57. The 
measured angles in this stage were found to be above 45o and below 50o indicating a much higher 
starting angle than the observed angles in the primary fracture. The higher angles in the secondary 
fractures are attributed to the much lower slurry velocities compared to the primary fracture.  
 
 




The Stage 2 dune heights vary from each secondary fracture to another. For S-1, thedune 
started from 0.70 inch (3.01% DHF ) to 19.00 inches (81.72% DHFH). S-2 showed a Stage 2 
dune starting height of 0.55 inch (2.37% DHF ) and ending at 18.00 inches (77.42% DHFH) while 
S-3 started at 3/16 inch (0.81% DHF ) and ended at 21.00 inches (90.32% DHFH). S-3 showed a 
higher Stage 2 dune than S-1 and S-2, and this is attributed to the lower velocity in S-3 resulting 
in a lower turbulence at the top of the dune which delayed the Stage 3 dune and prolonged the 
Stage 2 dune. S-3 showed a lower height than S-1, because it had a higher slurry velocity resulting 
in earlier development of turbluent flow and the Stage 3 dune.   
For the tertiary fractures, the Stage 2 dune is considered to be the first developing dune as
there was no Stage 1 dune in these fractures. It started when the front of the Stage 2 dune in the 
secondary fracture reached the connecting point with the tertiary fracture. Proppant transport 
during Stage 2 in tertiary fractures depends primarly on proppant rolling from secondary fracture 
dune. This is attributed to the already low velocity slurry in the secondary fracture which is not 
able to provide sufficient drag and lifting forces for free settling proppant to reach the tertiary 
fractures with high amount. However, half way in Stage 2 dune development, the free settling 
mechanism was shown to increase considerably due to the increased dune level in the secondary 
fractures providing higher slurry velocities. The top heights of Stage 2 dunes in T-1 and T-2 are 
20.00 inches (86.02% DHFH) and 22.10 inches (95.05% DHF ), respectively. The higher Stage 
2 dune heights in the tertiary fractures are caused by the higher proppant settling at the 90o angle 
between the secondary and tertiary fractures. The much lower slurry velocity in T-2 compared to 
T-1 resulted in a higher Stage 2 dune for T-2. The heights in the tertiary fractures confirm the sa e 
observation in the secondary fractures regarding higher velocity slurry effects in lowering the 
Stage 2 heights.  
 
4.5.2.3 Stage 3 Dune Development 
The third dune developing in the subsidiary fractures is the Stage 3 dune which took place 
in all secondary and tertiary fractures. This dune showed a sharp increase in the dune slope 
reaching almost vertical shape then curving toward its top. The proppant transport during this stage 
adds a new tranport mechanism in addition to the rolling and free settling in Stage 2 which is 
suspension by the vertical turbluent eddies noticed at the top of the dune. These vertical eddies are 
a result of the turbulent flow regime developing with the high velocity slurry. The turbulence in 
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subsidary fractures is not as strong as in the primary fracture due to their much lower velocity. The 
dunes in this stage started at the ending heights of Stage 2. S-1 showed an ending height of 22.5 
inches (96.77% DHFH) while S-2 and S-3 showed heights of 22.25 inches (95.70% DHFH) and 
22.75 inches (97.85% DHFH), respectively. S-1 has the lowest height due to its expected higher 
proppant velocity. T-1 and T-2 showed heights of 22.7 inches (97.63% DHFH) and 22.85 inches 
(98.28% DHFH), respectively.  
 
4.5.2.4 Stage 4 Dune Development 
Sage 4 was also observed to take place in all subsidary fractures with varying heights based 
on the slurry velocity. The dune shape in this stage is leveled; and due to its large dune height, 
slurry velocity is very high transporting proppant via rolling and saltation. The dune heights 
reached in Stage 4 are considered to be the equiliburm dune heights. For the secondary fractures, 
S-1, S-2, and S-3 showed Stage 4 dune heights of 22.63 inches (97.33 % DHFH), 22.56 inches 
(97.03 % DHFH), and 22.91 inches (98.54 % DHF ), respectively. The dune heights for tertiary 
fractures are higher due to the proppant losing velocity while traveling longer distances and turning 
the corner resulting in higher settling. T-1 and T-2 showed Stage 4 dune heights of 22.69 inches 
(97.59 % DHFH) and 23.00 inches (98.92 % DHF ), respectively. Table 4.11  and Figure 4.58 
sunmarize the developed dune heights in all the four stages in the subsidary fractures.  
 





















S-1 0.70 3.01 19.00 81.72 22.50 96.77 22.63 97.33 
S-2 0.55 2.37 18.00 77.42 22.25 95.70 22.56 97.03 
S-3 0.19 0.81 21.00 90.32 22.75 97.85 22.91 98.54 
T-1 0.00 0.00 20.00 86.02 22.70 97.63 22.69 97.59 





Figure 4.58: The four stages dune heights in subsidiary fractures showing Stage 2 to be the 
highest. 
4.5.3 Equilibrium Dune Height  
Despite the varying dune development times, all of the secondary and tertiary fractures 
showed very high and close equibirum dune heights ranging from 97.03% to 98.92% EDL as 
shown by the Stage 4 dune heights in Table 4.11. The equilibrium height results show that S-2 has 
the lowest proppant settling and highest proppant transport. This is attributed to its higher slurry 
velocity due to the fact that it is not connected to a tertiary fracture and, hence, has a lower 
restriction for slurry flow. The tertiary fractures showed higher dune heights than secondary 
fractures as a result of proppant losing velocity as it turns the 90o angle. This loss in velocity 
increases the proppant settling and dune height.  
The high equibirum dune levels in the subsidary fractures confirm the EDL trend with slurry 
veloctiy in the primary fracture, shown in Figure 4.23 which indicates that at lower velocities, 
EDL reachs very high values. Also, the high EDL values in the subsidary fractures show for the 
first time that slickwater is not only capable of transporting proppant into complex fractures 
network but, also, almost fully propping them. Also, the results show that even after reaching the 
equilibrium dune heights, the proppant was still flowing through tertiary fractures indicating that 
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under similar conditions. The impacts of this proppant transport on conductivity, however, should 
be considered with caution as no damage or stress impacts are considered in this testing situation. 
The experiments conducted for secondary and tertiary fractures indicate that complexity and 
turning corners are not the major limiting factors for slickwater proppant transport. Instead, it 
appears to depend more heavily on developed dunes in preceding fractures. The faster dunes are 
built in the primary and secondary fractures, the further proppant can be transported into tertiary 
fractures. This can be achieved by injecting enough proppant volume.  
 
4.5.4 Proppant Dune Area in the Fractures Network 
The propped area inside the complex hydraulic fractures network by slickwater is evaluated 
in this section to further quantify the proppant transport in subsidary fractures and get an idea about 
effects on conductivity. The area was measured at the the maximum time of injection where no 
proppant has left the system and all injected proppant settles inside the fracture network. This point 
measures the dune areas inside the fractures while avoiding any unaccounted for proppant that 
could have settled outside the system. The system reached this condition at 11.02 minutes starting 
from the time proppant first entered the primary fracture. Analyzing the proppant settling timeline 
in the fractures network, shown in Figure 4.54, it can be seen that, at 11.02 minutes, proppant has 
entered all subsidary fractures and developed full dunes in P-1, S-1, and S-2 fractures.  
 
4.5.4.1 Dune Area in the Primary Fracture 
At 11.02 minutes, the primary fracture developed a full dune covering almost its first half 
section while its other half had the other dune developmental stages. The primary fracture was 
divided into five sections (AA, BB, CC, DD, and EE) to measure its area, as shown in Figure 4.59. 
As the primary fracture has a length of 45.5 inches and height of 23.25 inches, that makes its length 
to its height ratio equal to 195.7% DFH. This length was used to mark the developed dune section 
lengths along the primary fracture as shown in the figure. Section AA represents the P-1 section 
of the primary fracture which has no intersected fractures and has a length of 13.5 inches (58.1% 
DFH) and dune maximum height of 94.6% DHF  as found from Section 4.2. Equation 4.4 was 
used to integrate the equation representing the section AA dune surface from 0 to 116.2 ft (58.1% 
DFH). The dune area was found to be 21,748 ft2 using the 200 ft fracture height field example. 
The calculated area covers 93.6% of the fracture area that contains the section AA dune. The dune 
112 
 
in the next section, section BB, starts after the intersection of S-1 fracture with the primary fractu e 
which slightly affects the dune height. The section BB dune has a length of 45.1% DFH (90.2 ft) 
and height of 95.7% DHFH (191.4 ft) measured experimentally as shown in Figure 4.60. The dune 
area in section BB was caculated by multiplying its height by its length and was found to be 17,268 
ft2 (95.7% DFA).  
 
 
Figure 4.59: Schematic of the developed dune in the primary fracture at 11.02 minutes divided 
into five sections (AA, BB, CC, DD, and EE) to measure the propped area. 
 
Figure 4.60: Section BB developed dune dimensions. 
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The dune started to decline in height at the beginning of section CC which represents Stage 
3. The section CC length and height were measured experimentally as shown in Figure 4.61 and 
found to be 15.1% DFH (30.2 ft) and 95.1% DHF  (190.2 ft), respectively. Its area was measured 
by caculating the area of Rectangle  CC and subtracting Triangle CC’ from it. This area was found 
to be 5,403 ft2 (89.5% DFA). For section DD, a triangle was used to calculate its area with a length 
of 77.4% DFH (154.8 ft) and height of 54.8% DHF  (109.6 ft) which showed an area of 8,491 ft2 
(27.42% DFA). The last area was for section EE which is below section DD, as shown in 
Figure 4.59. It has a rectangle shape with the same length as section DD and a height of 29.0% 
DHFH (58.1 ft). The section EE dune area was found to be 8,990 ft2 (20.0% DFA). Adding the 
dune section areas gives a total developed dune area in the primary fracture at 11.02 minutes of 








Figure 4.62: A triangle with an angle of 35.3o and length of 77.4% DFH was used to measure the 
dune area formed by section DD. 
Table 4.12: Primary fracture developed dune area and its divided sections' dune areas. 
Section 













AA 189 94.4 116 58.1 21,748 93.6 
BB 191 95.7 90 45.1 17,268 95.7 
CC 190 95.1 30 15.1 5,403 89.5 
DD 110 54.8 155 77.4 8,491 27.4 
EE 58 29.0 155 77.4 8,990 29.0 
Whole dune 191 --- 391 195.5 61,901 79.1 
 
4.5.4.2 Dune Areas in the Subsidiary Fractures 
The secondary and tertiary fractures were analyzed at 11.02 minutes to measure their heights, 
lengths, and areas. Starting with the first seconday fracture, S-1, its dune has a height of 97.85% 
DHFH (195.7 ft) and its length reached the end of the fracture (51.61% DFH) which is equilvelant 
to 103.22 ft using the field scale example. Its dune showed a sharp decrease in height after the first 
half of S-1 fracture length. This un-propped area was approximated using Triangle S-1(A) shown 
in the S-1 fracture dune schematic and photo in Figure 4.63. The triangle has a length and height 
of 25.80% DFH and 29.00% DHFH, respectively. By substracting Triangle S-1(A) area from the 
115 
 
rectangle area that covers the height and length of S-1 fracture dune, the dune area was calculated 
to be 18,705 ft2 (90.6% DFA).   
The dune in S-2 showed the same height and length as the S-1 fracture dune, but it has a 
larger unpropped area represented by Triangle S-2(A) as shown in Figure 4.46. The dune area in 
S-2 fracture was cacluated using the same method in S-1 fracture and was found to be 17,048 ft2 
(82.6% DFA). As indicated by the results, the S-1 fracture dune showed a larger propped area by  
8% DFA attributed to the larger amount of proppant initially flowing in S-1. The higher amount 
of proppant in S-1 was observed in the dune development timeline in Figure 4.55 which shows 
that S-1 reached 50% DFA while S-2 just completed the 25% DFA. The third secondary fracture, 
S-3, dune area further confirms the same observation by showing a lower value of 10,545 ft2 
(51.1% DFA). S-3 dune area was calculated by dividing it into a triangle and rectangle and adding 
their areas as shown in Figure 4.65. For the tertiary fractures, their dune areas were represented by 
triangles as shown in Figures 4.66 and 4.67 and calculated to be 4,795 ft2 (23.2% DFA) and 305 
ft2 (1.5% DFA) for T-1 and T-2, respectively. The subsidary fractures have a total developed dune 
area of 113,300 ft2 as summarized in Table 4.13.  
 
 
Figure 4.63: Developed dune in the first secondary fracture (S-1) and a schematic showing its 




Figure 4.64: Developed dune in the second secondary fracture (S-2) and a schematic showing its 
dimensions at 11.02 minutes. 
 
Figure 4.65: Developed dune in the third secondary fracture (S-3) and a schematic showing its 




Figure 4.66: Developed dune in the first tertiary fracture (T-1) and a schematic showing its 
dimensions at 11.02 minutes. 
 
Figure 4.67: Developed dune in the second tertiary fracture (T-2) and a schematic showing its 
dimensions at 11.02 minutes. 
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Table 4.13: Dune areas in the fractures network showing significant propped areas in primary 
and secondary fractures.  
Fracture type Dune Area, ft2 
Dune to fracture 
area ratio (DFA), % 
Primary 61,901 81.8 
S-1 18,705 90.6 
S-2 17,048 82.6 
S-3 10,545 51.1 
T-1 4,795 23.2 
T-2 305 1.5 
Total 113,300  
 
The measured dune areas in the fractures network show that slickwater is capable of 
transporting a significant amount of proppant to secondary fractures. This is shown by comparing 
their developed dune areas to the total developed dune area in the fractures network, shown in 
Figure 4.68. The results show that only 54.6% of the total dune area developed in the primary 
fracture while the rest developed inside the secondary and tertiary fractures. Developed dunes in 
secondary fractures represents 40.8% of the total developed dune area which is about 75% of the 
dune area in the primary fracture. Although proppant was transported to tertiary fractures, they 
showed a very small area relative the total dune area of 4.5%. Most of the tertiary fractures’ dune 
area contribution comes from T-1 (4.2%) while T-2 showed a very minor amount of 0.3%. This 
indicates that tertiary fractures from the closer secondary fractures are the ones which are most 




Figure 4.68: Ratios of developed dune areas in the fractures network to the total developed dune 
area showing a significant amount of proppant transported to secondary fractures. 
The third secondary fracture showed a dune area ratio 9.3% which is more than the double 
of both tertiary fractures. Considering that S-3 has two secondary fractures preceeding it, its 
significantly higher dune area relative to tertiary fracture dunes indicates that secondary fractures 
are much more likely to be propped than tertiary fractures and with greater amounts. Therefore, in 
an actual hydraulic fracture scenario, it is highly expected that most conductivity comes from the 
primary and secondary fractures while tertiary fractures play a much smaller role. 
 
4.6 Proppant Vertical Settling Between Closed Fractures  
The geometry of actual hydraulic fractures is not perfectly rectangle or asymetrical. Their 
shapes are likely to be irregular and the fracture walls could be in contact in some areas afte 
stopping slurry pumping (Fredd et al. 2001). Figure 4.69 shows a schematic of expected fracture 
walls irregularity after closing. This irregularity has an effect on increasing proppant friction 
resulting in more settling. Also, if the fracture width varies significantly being high at the top and 




































would suffer in the middle section. An interesting observation was concluded from this research 
project which shows that proppant can transport vertically between almost closed fractures due to 
gravity effects and fluid flow.    
 
 
Figure 4.69: Displaced fracture walls by slickwater hydraulic fracturing (From Fredd et al. 
2001). 
This observation was made during the initial testing and evaluation of the equipment 
readiness for the study. The experiment was conducted using 1.00 ppg 30/70 mesh brown sand  at 
14.5 ft/min. The system at that point of time had its P-1 fracture walls almost closed in the middle. 
This resulted in proppant settling below and above the middle areas initially as shown at the 3.00-
minutes photo in Figure 4.70. After some time, the dune started to develop above and below the 
closed area creating an unpropped middle section in the fracture, shown in the 6.25-minutes photo 
in Figure 4.70. Then, the empty area started to receive proppant settling from the upper section 
resulting in new unpropped areas at the top of the dune as shown in the 8.50-minutes photo. The 
proppant kept settling and filling these empty areas with time until reaching a fully propped 
fracture. The same settling behavior was noticed in seondary and tertiary fractures. This 
observation indicates that proppant is expected to fall between very narrow fracture widths by 
gravity and fluid flow effects.  
 
 




SLICKWATER FIELD RECOMMENDATION  
5   A 
The obtained experimental results and observations were analyzed for slickwater hydraulic 
fracturing field recommendations and applications. These recommendations aim toward enhancing 
slickwater proppant transport in complex induced fractures. The first part of these 
recommendations focuses on the proppant transport behavior effect on the conductivity estimation 
shared in Section 5.1. The second part of the recommendations provides a slickwater cyclic 
injection program to enhance slickwater proppant transport, as presented in Section 5.2. It is 
important to highlight that these recommendations should be taken with considerations to the 
induced fractures geometry and condition variations from the lab apparatus design.  
  
5.1 Proppant Transport Considerations in Conductivity Estimation 
Conductivity and hydraulic fracturing simulation software are known to consider a wide 
range of parameters and factors to predict slickwater hydraulic fractures. However, proppant 
transport is not usually emphasized in detail as are other factors due to the lack of experimental 
data in this area (Palisch et al. 2010). In this section, lab observations and results are shared to 
enhance the conductivity estimation from a proppant transport prospective.  
 
5.1.1 Primary fracture  
Any conductivity estimation should consider the different slickwater proppant dune shapes 
forming in the hydraulic fractures. It was determined in Section 4.2.2 that more than 50% of the 
settled dune area has a negative linear slope dune shape in the slurry direction. The magnitude of 
this area is significant relative to the total primary fracture propped area and its declining linear 
shape should be considered in the conductivity estimation efforts. In addition, the proppant lengths 
observed in this study show that slickwater proppant dune shapes have long reach distances. These 
lengths corresponding to the different dune shapes have different areas which should be considered 
as well. Also, it is important to highlight that more than 90% of the developed dune area in the 
primary fracture was in the first 50% of the dune length.  
Another key consideration is the potential grain sorting in the settled proppant as evidenced 
by the 30/70 mesh sand results. Section 4.1.2 showed layers of varying particle sizes with a 
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downward slope in the slurry direction as shown in Figure 4.7. These layers indicate size sorting 
of larger particles followed by smaller particles which could have an effect on fracture 
conductivity, as production flow lines would tend to have an upward slope rather than being 
horizontal. Also, this behavior indicates that there would be layers of relatively low and high 
conductivities instead of one single conductivity. In addition, the bottom 5-10% of the fracture is 
expected to have the smallest grain sizes and, hence, least conductive section while the top 10-
20% of the fracture is expected to have the largest grain sizes, and, hence, highest conductive 
section. A model is shown in Figure 4.11 for the anticipated grain size distribution due to this 
proppant transport, and it is highly recommended to be taking into consideration in conductivity 
estimations.  
 
5.1.2 Complex Fracture Networks 
Slickwater hydraulic fracturing depends heavily on its fracture network complexity for 
achieving a sufficient production rate. Estimating conductivity in subsidiary fractures is 
challenging, as proppant transport and propped areas in these fractures are not well quantified. The 
experimental results in Section 4.5.4.2 show that secondary fractures in slickwater hydraulic 
fracturing should have a large conductivity contribution as they were showed to form 40.8% of the 
total propped area in the fracture slots network. Also, it was shown that tertiary fractures are not 
expected to be of significance to conductivity based on the observed propped areas.  
 Slickwater was found to be able to transport proppant to secondary and tertiary fractures. 
However, that depends heavily on the amount of injected proppant, which means subsidiary 
fracture propped areas should be linked to the amount of injected proppant. Once proppant is 
injected in sufficient amounts, dune heights in subsidiary fractures are expected to reach very high 
levels, more than 90% EDL. Therefore, injected proppant amounts and fracture geometries should 
be considered in slickwater conductivity estimation.  
 
5.2 Slickwater Proppant Transport Enhancement  
Slickwater injection programs are usually designed based on available proppants and best 
practices except for one lab based observation by Kern et al. (1959) which has made many 
operators lead their slickwater slurry with larger and stronger proppants (Palisch et al. 2010). In 
this section, a slickwater injection program is recommended to achieve a better proppant transport. 
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This program was based on this study’s experimental results and observations and the assumption 
that 20/40, 30/70, and 100 mesh sands are available.  
The pumping program starts with the largest sand size, 20/40 mesh, at the highest possible 
proppant concentration, and lowest possible slurry flow rate. This is referred to as Step 1.This type 
of slurry injection scenario builds a very high equilibrium dune height in the fastest possible time 
and shortest injection time. Reaching this high equilibrium height results in substantially 
increasing the slurry velocity inside the hydraulic fracture. Such very high velocity enables 
slickwater to transport proppant longer distances and become more effective in transporting 
proppant to subsidiary fractures. 
After that, Step 2 is followed where proppant concentration is reduced to 0.25 ppg in parallel 
with increasing slurry flow rate to the highest possible value and using a medium size sand, 30/70 
mesh. This step results in eroding the developed dune and achieving extremely high slurry velocity 
resulting in enhancing the proppant transport further inside the primary and subsidiary fractures. 
The very high slurry velocity is expected due to three factors. The first one is related to the slurry 
flow rate being very high while the dune is at its equilibrium height. The second reason is the very 
high equilibrium dune height previously developed by the larger proppant, 20/40 mesh. Thirdly, 
the dune height is not expected to reduce as fast as if it would if it were developed using 30/70 
mesh sand as the dune has larger grain mass making harder to erode by smaller proppant. The 
lower erosional ability of the smaller size sand allows for longer flow time of the very high velocity 
slurry resulting in enhanced proppant transport.   
After eroding the dune in Step 2, the dune loses its velocity and, therefore, Step 1 is repeated 
to build the large proppant dune again. This is referred to as Step 3. For Step 4, the lowest proppant 
size, 100 mesh, is injected at the highest possible flow rate and at 0.50 ppg. The objective in Step 
4 is to enhance proppant transport in subsidiary fractures by achieving very high slurry velocity 
and using small proppant that can be easily transported in subsidiary fractures. Steps 1 to 4 are 
repeated until the required amount of proppant is injected.  
The injection time of each step is a function of available sand, highest possible injection flow 
rate, fracture geometry, and expected fracture networks complexity. Based on the lab set-up, 15-
20 minutes of injection time showed to be sufficient to build and erode the developed dunes. Also, 
brown sand is recommended for a better proppant transport over the white sand but its benefits 
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should be evaluated against the better conductivity performance offered by the white sand. 
Table 5.1 summarizes the recommended slickwater cyclic injection program.  
 





concentration (C), ppg Slurry velocity 
Step 1 20/40 Highest Lowest 
Step 2 30/70 0.25 Highest 
Step 3 Repeat Step 1 
Step 4 100 0.50 Highest 








PROPPANT DUNE HEIGHT CORRELATIONS 
6   A 
Slickwater proppant dune height predictive correlations development is a primary objective 
of this PhD research project and highly needed for field application. Such correlations help to 
optimize the hydraulic fracturing design and provide more insight about the anticipated propped 
height inside induced fractures. This chapter shares five newly developed correlations using the 
experimental data obtained in Chapter 4. These correlations were developed to predict the 
slickwater proppant dune height at a distance equal to 40% of the fracture height. A rectangular 
shape fracture with 0.2 inch width and no fluid loss across its walls was used as a model in the 
development of these correlations.  
The first type of the correlations predicts the dune height of different proppant sizes, types, 
and concentrations based on slurry velocity as shared in Section 6.1. The second type is a 
concentration based correlations relate the proppant dune height to proppant concentration as 
shown in Section 6.2. After that, two types of correlations are discussed in Section 6.3 which can 
be used to predict the proppant dune height based on the ratio of slurry velocity to proppant 
concentration. These two correlations widen the prediction range and ability as they are not limited 
to single velocity or concentration values.  
The fifth correlation type is discussed in Section 6.4 and combines three key parameters, 
slurry velocity and proppant concentration and median diameter, in one correlation. This 
correlation provides a much wider capability as it can predict the dune height for different proppant 
sizes in addition to the slurry velocity and concentration variables. All of the developed 
correlations were evaluated for their prediction accuracy based on the lab measured data. Also, the 
published correlation by Wang et al. (2003) was compared with the fifth correlation, and the 
prediction variations are discussed in Section 6.4.2. The slurry velocity referred to in the 
correlations is for the slurry initial velocity where the fracture is still empty and no proppant has 
started settling yet.  
 
6.1 Dune Height Correlations at Variable Slurry Velocity  
The erosional effect of increasing slurry velocity on proppant dune height was evaluated 
experimentally in Section 4.3.1 and was found to follow a power law trend for the 30/70 and 20/40 
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mesh sands while it showed a linear trend for the 100 mesh sand. The EDL versus slurry velocity 
power law and linear equations at all tested conditions showed high R2 values exceeding 0.975 
except for the 20/40 mesh sand at 0.25 ppg where it showed 0.912. The high R2 values indicate 
excellent agreement between lab data and the developed correlations. In addition to the high R2 
values, these trends were supported with a p ysical explanation, as shared in Section 4.3.1.  
The first presented correlation is for the 30/70 mesh brown sand at a concentration of 1.00 
ppg, shown in Equation 6.1. This correlation shows EDL as the dependent variable while the 
independent variable is the slurry velocity measured in ft/min. The correlation shows a negative 
value, -0.0981, for the velocity term reflecting the velocity erosional effect when increased. The 
velocity can be calculated by dividing the slurry volumetric flow rate by the fracture cross sectional 
area. Once EDL is calculated, its value can be used to calculate the dune height by using Equation 
3.2 which was rearranged in Equation 6.2 to solve for the dune height.  
 
30/70 mesh brown sand velocity based correlation at 1.00 ppg, �DL = . × V − .  (6.1) 
Where,  
 V  = Slurry velocity,  [ ] 
 
Rearranging Equation 3.2 to solve for EDH, �D� = �DL × �  (6.2) 
Where,  
 Hf = Fracture height, ft [Length] 
 
Substituting for EDL using Equation 6.1, Equation 6.2 becomes �D� = . × V − . × �  (6.3) 
 
The correlation equations for the other sand sizes and types also showed a negative slope 
for the velocity term either in the linear form for the 100 mesh sands or power law form for the 




Table 6.1: Proppant dune height correlations based on slurry velocity (V) for the tested sand 
types, sizes, and concentrations. 
Sand Type Sand Size, Mesh 
Concentration 




1.00 �DL = . × V− .  0.989 
0.75 �DL = . × V− .  0.984 
0.50 �DL = . × V− .  0.994 
0.25 �DL = . × V− .  0.992 
White 
1.00 �DL = . × V− .  0.983 
0.50 �DL = . × V− .  0.991 
0.25 �DL = . × V− .  0.995 
Brown 
100 
1.00 �DL = − . × V + .  0.990 
0.50 �DL = − . × V + .  0.990 
0.25 �DL = − . × V + .  0.996 
White 
1.00 �DL = − . × V + .  0.978 
0.50 �DL = − . × V + .  0.998 
0.25 �DL = − . × V + .  0.988 
White 20/40 
0.40 �DL = . × V− .  0.997 
0.30 �DL = . × V− .  0.976 
0.25 �DL = . × V− .  0.912 
 
A field example is used to illustrate the application of the developed correlation in Equation 
6.1. The example is for a well with five perforation clusters (stages) that is being hydraulically 
fractured with slickwater carrying 30/70 mesh brown sand injected at 1.00 ppg and 100 BPM. The 
100 BPM was divided over the five clusters assuming equal distribution resulting in 10.0 BPM 
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(56.15 ft3/min) flow in each fracture wing. With a fracture height of 200 ft and width of 0.2 inch 
(1/60 ft), its rectangular area was calculated to be 3.33 ft2. Dividing the volumetric flow rate of 
56.15 ft3/min by the fracture area 3.33 ft2 gives a slurry velocity of 16.85 ft/min. This velocity was 
used in Equation 6.1 to calculate the EDL at a distance of 40% DFH, 80 ft  from the fracture 
entrance. The obtained EDL value indicates that the settled proppant dune reached 93.20% of the 
fracture height. After that, the dune height was calculated using Equation 6.2. As a result, the 
predicted dune height at 80 ft from the fracture entrance was shown to be 186.41 ft leaving 13.59 
ft for slurry flow.  
 �DL = . × . − . = . �% �D� = �DL × � = . × = . �ft 
 
6.1.1 Correlations Error Analysis 
The correlations in Table 6.1 were evaluated for their accuracy by calculating the error 
percent of their predicated EDL values relative to the laboratory data. The correlation error percent 
was calculated using Equation 6.4 which defines the error as the absolute value of the difference 
between the predicted and measured EDL divided by the measured EDL and multiplied by 100. 
Taking the base case as an example (30/70 mesh brown sand at 1.00 ppg and 14.5 ft/min), its 
measured EDL is 94.35% while the correlation equation predicted its value to be 94.59%. This 
showed a low error value of 0.25% indicating a high correlation prediction accuracy. Table 6.2 
shows the predicted EDL values and their calculated errors for the other 30/70 mesh brown sand 
data. The correlations were also used to predict the EDL values for the 30/70 mesh white sand as 
shown in Table 6.3. Both 30/70 mesh brown and white sand types show very low errors with an 
average value of 0.25% and 0.19%, respectively.  
 �δδoδ = (|�DL − �DL .�DL |) ×  (6.4) 
Where,  
Error  = Correlation prediction error relative to lab data, % (Length/Length) 
EDLlab  = Lab measured EDL, % (Length/Length) 
EDLpred.  = Correlation predicted EDL, % (Length/Length) 
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Table 6.2: Predicted EDL values using correlations from Table 6.1 for the 30/70 mesh brown 





EDL, % Error, % 
Measured Predicted Value Average 
20.7 
0.25 
86.29 86.11 0.21 
0.30 
0.25 
23.6 84.68 84.27 0.48 
26.5 82.80 82.68 0.14 
32.7 79.57 79.87 0.38 
13.7 
0.50 
94.09 94.02 0.08 
0.32 
16.6 92.07 91.45 0.67 
19.5 89.25 89.36 0.12 
26.1 86.02 85.67 0.41 
28.6 84.41 84.56 0.18 
31.5 83.33 83.39 0.07 
35.6 82.53 81.93 0.73 
17.8 
0.75 
91.94 91.73 0.22 
0.21 
19.0 91.40 91.00 0.43 
21.1 89.78 89.89 0.12 
24.0 88.71 88.52 0.21 
26.9 87.10 87.33 0.27 
29.0 86.56 86.56 0.00 
14.5 
1.00 
94.35 94.59 0.25 
0.18 
16.1 93.68 93.59 0.09 
18.2 92.74 92.49 0.27 
21.9 90.59 90.82 0.25 







Table 6.3: Predicted EDL values using correlations from Table 6.1 for the 30/70 mesh white 





EDL, % Error, % 
Measured Predicted Value Average 
20.7 
0.25 
88.44 88.51 0.08 
0.14 
0.19 
23.6 86.83 86.89 0.07 
26.5 85.48 85.49 0.01 
32.7 83.33 82.99 0.40 
13.7 
0.50 
94.62 95.12 0.53 
0.26 
16.6 93.55 93.00 0.59 
19.5 91.40 91.26 0.16 
26.1 88.04 88.17 0.15 
28.6 87.23 87.23 0.00 
31.5 86.16 86.25 0.10 
14.5 
1.00 
94.89 95.17 0.29 
0.17 
16.1 94.62 94.44 0.19 
18.2 93.82 93.64 0.20 
20.3 93.01 92.92 0.09 
21.9 92.47 92.41 0.07 
26.1 91.13 91.28 0.17 
 
The same error analysis was conducted on the 100 and 20/40 mesh sands which also showed 
low error values. For the 100 mesh sand, an error average of 0.53% and 0.42% was present for the 
brown and white sands, respectively, as presented in Table 6.4. The 20/40 mesh white sand showed 
relatively higher average error value than the other sand sizes, 100 and 30/70, of 0.77%. Table 6.5 
shows the predicted values for the 20/40 mesh sand EDL values and calculated errors. This almost 
negligible calculated error values of all sand types and sizes show high reliability of the developed 




Table 6.4: Predicted EDL values using correlations from Table 6.1 for the 100 mesh brown and 






EDL, % Error, % 




83.60 83.26 0.41 
0.53 
0.53 
23.6 80.65 80.33 0.39 
26.5 76.88 77.41 0.68 
32.7 70.70 71.14 0.63 
13.7 
0.5 
91.53 91.31 0.24 
0.57 
17 88.31 88.31 0.00 
28.6 77.15 77.75 0.78 
31.5 74.19 75.12 1.24 
14.5 
1 
92.20 91.87 0.37 
0.48 
16.1 91.13 90.57 0.61 
18.2 88.17 88.87 0.79 
20.3 86.69 87.17 0.55 
26.1 82.80 82.47 0.39 




83.49 83.92 0.50 
0.74 
0.42 
23.6 80.11 80.67 0.70 
26.5 76.88 77.42 0.70 
32.7 71.24 70.48 1.07 
13.7 
0.5 
92.74 92.58 0.18 
0.22 
16.6 89.78 89.88 0.11 
19.5 87.10 87.19 0.10 
28.6 78.23 78.72 0.63 
31.5 76.08 76.03 0.07 
14.5 
1 
92.88 92.62 0.28 
0.30 
16.1 91.53 91.35 0.20 
18.2 89.25 89.69 0.50 
20.3 87.90 88.03 0.15 




Table 6.5: Predicted EDL values using correlations from Table 6.1 for the 20/40 mesh white 





EDL, % Error, % 
Measured Predicted Value Average 
20.7 
0.25 
88.98 88.86 0.13 
0.36 
0.77 
22.0 88.60 88.34 0.30 
23.6 87.63 87.73 0.11 
28.0 85.50 86.28 0.91 




94.09 92.58 1.61 
19.5 92.07 91.68 0.43 
22.4 89.25 90.58 1.50 




93.55 93.58 0.03 
20.7 92.20 92.11 0.10 
24.4 90.86 90.90 0.04 
 
6.2 Dune Height Correlations at Variable Proppant Concentration 
The proppant concentration is a key parameter in the design of slickwater hydraulic 
fracturing programs and is usually ramped up from 0.25 to 2.50 ppg. The effect of concentration 
on the settled proppant dune height was studied in Section 4.3.2. The experimental results showed 
that EDL follows a power law trend with slickwater proppant concentration at a constant slurry 
velocity as shown in Figure 4.32 for 1.00 ppg brown sand injected at 16.6 ft/min. Its correlation is 
shown in Equation 6.5 which predicts EDL at different proppant concentrations given that it is a 
30/70 mesh brown sand injected at 16.6 ft/min. The correlation has a positive exponent for the 
concentration term reflecting its proportional effect on proppant settling. Experiments were 
conducted at different sand types and sizes and slurry velocities while concentration was varied to 
generate power law correlations as shared in Section 4.3.2. The obtained power law correlations 
for all conducted tests showed high R2 values ranging from 0.935 to 0.996. Table 6.6 shares the 
developed concentration based correlations for the 100, 30/70, and 20/40 mesh sands. 
 �DL = . × C .  (6.5) 
Where,  
 C = Proppant concentration, ββg [ ] 
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Table 6.6: Proppant dune height correlations based on concentration (C) for the tested sand 
types, sizes, and velocities. 
Sand Type Sand Size, Mesh 
Velocity (V), 




8.3 �DL = . × C .  0.945 
12.4 �DL = . × C .  0.976 
16.6 �DL = . × C .  0.972 
20.7 �DL = . × C .  0.986 
24.8 �DL = . × C .  0.983 
White 
12.4 �DL = . × C .  0.961 
16.6 �DL = . × C .  0.974 
20.7 �DL = . × C .  0.992 
Brown 
100 
16.6 �DL = . × C .  0.987 
20.7 �DL = . × C .  0.965 
White 
16.6 �DL = . × C .  0.970 
20.7 �DL = . × C .  0.996 
White 20/40 20.7 �DL = . × C .  0.935 
 
6.2.1 Correlations Error Analysis 
The proppant concentration based EDL correlations at constant slurry velocity shown in 
Table 6.6 were evaluated for their accuracy compared to the experimental data. Equation 6.4 was 
used to calculate the error of the correlations predicted values. Starting with the 30/70 mesh brown 
sand, very low error values, ranging from 0.02% to 0.35%, were determined with an average error 
value of 0.17%, as shown in Table 6.7. The 30/70 mesh white sand showed even lower error values 
as shown in Table 6.7. The other correlations have similar low error ranges as presented in 
Tables 6.8 and 6.9 for the 100 and 20/40 mesh sands, respectively. The low error values validate 
the concentration based predictions and indicate their high prediction accuracy within the tested 
values and compared to lab data.  
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Table 6.7: Predicted EDL values using the concentration based correlations in Table 6.6 for the 






EDL, % Error, % 
Measured Predicted Value Average 
Brown 
8.3 
0.643 96.452 96.445 0.01 
0.02 
0.17 
0.723 96.505 96.500 0.01 
0.825 96.559 96.561 0.00 
1.020 96.613 96.659 0.05 
1.213 96.774 96.740 0.04 
12.4 
0.425 94.624 94.578 0.05 
0.04 
0.543 94.758 94.762 0.00 
0.794 94.946 95.047 0.11 
1.084 95.296 95.281 0.02 
1.495 95.565 95.523 0.04 
16.6 
0.317 89.785 90.067 0.31 
0.22 
0.405 90.995 90.805 0.21 
0.590 92.258 91.957 0.33 
0.873 93.145 93.167 0.02 
0.965 93.280 93.480 0.21 
20.7 
0.253 86.290 86.560 0.31 
0.24 
0.323 87.634 87.346 0.33 
0.766 90.323 90.192 0.14 
0.982 90.860 91.028 0.18 
24.8 
0.236 83.468 83.113 0.42 
0.35 
0.390 84.677 85.218 0.64 
0.575 86.694 86.874 0.21 
0.812 88.710 88.381 0.37 
1.060 89.785 89.560 0.25 
1.232 90.054 90.230 0.20 
White 
12.4 
0.425 94.624 94.683 0.06 
0.06 
0.11 
0.477 94.758 94.797 0.04 
0.543 95.027 94.925 0.11 
0.670 95.215 95.133 0.09 
0.794 95.296 95.301 0.01 
1.084 95.565 95.610 0.05 
16.6 
0.317 91.720 91.838 0.13 
0.13 
0.405 92.473 92.364 0.12 
0.590 93.333 93.184 0.16 
0.803 93.737 93.857 0.13 
20.7 
0.253 87.903 87.730 0.20 
0.14 
0.323 88.441 88.652 0.24 
0.470 90.054 90.092 0.04 
0.766 92.070 92.000 0.08 
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Table 6.8: Predicted EDL values using the concentration based correlations in Table 6.6 for the 







Measured Predicted Value Average 
Brown 
16.6 
0.317 88.172 88.166 0.01 
0.06 
0.09 
0.405 88.441 88.501 0.07 
0.590 89.113 89.020 0.10 
0.873 89.516 89.562 0.05 
20.7 
0.253 83.602 83.780 0.21 
0.12 
0.284 84.005 84.001 0.01 
0.323 84.409 84.249 0.19 
0.397 84.731 84.650 0.10 
0.638 85.484 85.574 0.11 
White 
16.6 
0.317 88.817 88.770 0.05 
0.13 
0.12 
0.405 89.247 89.236 0.01 
0.590 89.919 89.960 0.04 
0.873 90.452 90.716 0.29 
1.102 91.398 91.170 0.25 
20.7 
0.253 83.495 83.550 0.07 
0.11 
0.323 84.409 84.297 0.13 
0.470 85.484 85.461 0.03 
0.766 86.828 86.998 0.20 
1.069 88.172 88.065 0.12 
 
Table 6.9: Predicted EDL values using the concentration based correlations in Table 6.6 for the 






Measured Predicted Value Average 
20.7 
0.253 88.978 89.118 0.16 
0.38 
0.284 89.516 89.865 0.39 
0.323 91.398 90.713 0.75 
0.470 93.011 93.229 0.23 
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6.3 Dune Height Correlations at Variable Velocity to Concentration Ratio 
The developed correlations in Sections 6.1 and 6.2 predict the dune height as a function of 
slurry velocity or proppant concentrations, respectively. Therefore, the use of these correlations is 
restricted to a certain slurry condition that has to match either the tested velocities in Sections 6.1 
or proppant concentrations in Section 6.2. In this section, two sets of correlations are developed to 
combine the slurry velocity and concentration parameters in one correlation specific only to the 
sand type and size. The developed correlations are capable of predicting the slickwater proppant 
dune height at any concentration and velocity within the tested values. The first set of correlations 
are based on the V/C ratio which is discussed in Section 6.3.1, while the second set is based on 
V /Cδ shared in Section 6.3.2.  
 
6.3.1 Dune Height V/C Based Correlations  
The first step in the correlations development was studying the effects of slurry velocity and 
proppant concentration as the independent variables on the EDL as the dependent variable. As the 
slurry velocity has an erosional effect when increased, it was placed in the nominator of the 
equation is right side. For the concentration term, it has the opposite effect on EDL as concluded 
from Chapter 4. Therefore, it was placed in the denominator resulting in the independent variables 
becoming the ratio of V/C. Sections 6.3.1.1 and 6.3.1.2 share the V/C based correlations for the 
30/70 and 100 mesh sands, respectively. For the 20/40 mesh sand, it did not show an apparent 
trend for this type of correlation possibly due to its small tested concentration range. 
 
6.3.1.1 30/70 Mesh Sand V/C Based Correlations  
The first step was to calculate the 30/70 mesh brown sand V/C ratios at the tested 
concentrations, 1.00, 0.75, 0.50, and 0.25 ppg, as shown in Table 6.10. After that, the EDL versus 
V/C data points were plotted as shown in Figure 6.1 where they follow power law trends with high 
R2’s exceeding 0.980. The figure shows four curves corresponding to the different tested 
concentrations. This is because velocity was varied while concentration was kept unchanged when 






Table 6.10: Slurry velocity to concentration ratio (V/C) data for 30/70 mesh brown sand. 




23.6 94.4 84.7 
26.5 106.0 82.8 




16.6 33.1 92.1 
19.5 38.9 89.2 
26.1 52.2 86.0 
28.6 57.1 84.4 
31.5 62.9 83.3 




19.0 25.4 91.4 
21.1 28.2 89.8 
24.0 32.0 88.7 
26.9 35.9 87.1 




16.1 16.2 93.7 
18.2 18.2 92.7 
21.9 21.9 90.6 





Figure 6.1: 30/70 mesh brown sand showing power law trends for the EDL as function of slurry 
velocity to concentration ratio (V/C) with high R2 values. 
The obtained trends for the EDL versus slurry V/C ratio are represented by the power law 
general form shown in Equation 6.6. This equation has the independent variable as V/C and two 
constants, alpha (αp) for the intercept and beta (p) for the slope. These constants change from one 
data set to another based on the concentration change as shown in Table 6.11. The constants were 
plotted as a function of concentration to check if there was any relationship that could be used to 
predict their values. For the power law equations’ intercepts, αp’s, they showed a power law trend 
with the proppant concentration as shown in Figure 6.2 at a high R2 value of 0.996. The slopes of 
the power law trend equations, p’s, showed an almost perfect linear relationship when plotted as 
function of concentration as shown in Figure 6.3. The correlation constants, αp and p, equations 
are shared in Equations 6.7 and 6.8. 
 �DL = × (VC) p (6.6) 
Where,  








































C = Proppant concentration, ββg [ ] 
αp = Power law equation intercept, ×  [ �×� ] 
 p = Power law equation slope, Dimensionless  
 
Table 6.11: Correlations constants, αp and p, for the 30/70 mesh brown sand at different 
concentrations shown in Figure 6.1. 
Concentration (C), ppg 
Correlation constants 
Intercept (αp),  
ppg*min/ft 
Slope ( p), 
Dimensionless 
0.25 1.7789 -0.1643 
0.50 1.5115 -0.1430 
0.75 1.3376 -0.1191 
1.00 1.2310 -0.0986 
 
 
Figure 6.2μ Correlation intercept (αp) plotted as function of concentration (C) using data from 



































Figure 6.3μ Correlation slope ( p) plotted as function of proppant concentration (C) using data 
from Table 6.11 showing almost a straight line. 
= . × C − .  (6.7) 
 = . × C − .  (6.8) 
 
The constants’ equations were substituted in the general power law form equation to develop 
one single equation that can predict EDL based on the slurry velocity and concentration as shown 
in Equation 6.9. This correlation is for 30/70 mesh brown sand under similar testing conditions. 
As shown from Section 4.3.1, the EDL versus velocity plot takes a different trend at velocities 
lower than 12.4 ft/min. Therefore, a new set of correlations were developed for the low velocity 
range. Table 6.12 shows the EDL and V/C data for the 30/70 mesh brown sand at the low velocity 
range.  
Plotting the EDL versus velocity over concentration for this data shows power law curves 
for the different tested velocities as shown in  Figure 6.4. The trend equations’ slopes and intercepts 
were plotted as a function of the slurry velocity and they showed almost perfect linear trends as 
shown in Figures 6.5 and 6.6, respectively. Using the linear correlation equations to substitute for 
αp and p in the power law equation, the lower velocity range V/C based correlation was developed 
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as shown in Equation 6.10. All developed correlations are multiplied by 100 as EDL values are in 
percent.  
 
30/70 mesh brown sand V/C based correlation at slurry velocity > 12.4 ft/min,  �DL = . × C − . × (VC) . × − × − .  (6.9) 
 
30/70 mesh brown sand V/C based correlation at slurry velocity ≤ 1β.4 ft/min,  �DL = − . × V + . × (VC)− . × − ×V− . × −  (6.10) 
 
Table 6.12: Slurry velocity to proppant concentration ratio (V/C) data for 30/70 mesh brown 
sand at velocity (V) ≤ 1β.4. 
Velocity (V), ft/min Concentration (C), ppg V/C, ft/min/ppg EDL, % 
6.2 0.866 7.2 97.312 
6.2 1.113 5.6 97.446 
6.2 1.648 3.8 97.500 
8.3 0.643 12.9 96.452 
8.3 0.723 11.5 96.505 
8.3 0.825 10.0 96.559 
8.3 1.020 8.1 96.613 
8.3 1.213 6.8 96.774 
12.4 0.425 29.2 94.624 
12.4 0.543 22.9 94.758 
12.4 0.794 15.6 94.946 
12.4 1.084 11.5 95.296 





Figure 6.4: 30/70 mesh brown sand data at lower velocity range (below 12.4 ft/min) showing 
power law trends for EDL as function of slurry velocity to concentration ratio (V/C). 
 






































































Figure 6.6: Equations' intercepts, αp’s, from Figure 6.4 showing almost perfect linear trend with 
the slurry velocity. 
The same method was used to develop the 30/70 mesh white sand V/C based correlations. 
The white sand EDL and V/C data is shown in Table 6.13. This data was plotted in Figure 6.7 
showing power law curves at each concentration. The power law equations’ slopes and intercepts 
were plotted as a function of concentration. The intercepts, α’s, show a power law trend with 
concentration at high R2 value of 0.996 as shown in Figure 6.8, and its equation is shared in 
Equation 6.11. For the slope, it showed a perfect linear trend as shown in Figure 6.9, and its 
equation is presented in Equation 6.12. The constants’ equations were substituted in the power law 
equation to find the 30/70 mesh white sand correlation shown in Equation 6.13.  
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Table 6.13: Slurry velocity to proppant concentration ratio (V/C) data for 30/70 mesh white sand. 




23.6 94.4 86.8 
26.5 106.0 85.5 




16.6 33.1 93.6 
19.5 38.9 91.4 
26.1 52.2 88.0 
28.6 57.1 87.2 




16.1 16.1 94.6 
18.2 18.2 93.8 
20.3 20.3 93.0 
21.9 21.9 92.5 
26.1 26.1 91.1 
 = . × C − .  (6.11) 
 = . × − × C − .  (6.12) 
 




Figure 6.7: 30/70 mesh white sand showing power law trends when its EDL values are plotted as 
function of slurry velocity to concentration ratio (V/C). 
 
Figure 6.8: Equations’ intercepts (αp’s) from Figure 6.7 showing a power law trend with high R2 






































































Figure 6.9: Equations’ slopes ( p’s) from Figure 6.7 showing perfect linear trend when plotted as 
a function of proppant concentration (C). 
6.3.1.1.1 Dune Height Calculation Example  
An example is presented in this section to demonstrate the application of the developed V/C 
based correlations. A 30/70 mesh brown sand is pumped with slickwater at a flow rate of 20 BPM 
and concentration of 0.80 ppg in a fracture that has a height of 250 ft and width of 0.2 inches. It is 
desired to know the dune height at a distance of 40% DFH from the fracture entrance. The first 
step was to calculate the slurry velocity inside the fracture at time zero by dividing the volumetric 
flow rate by the fracture cross sectional area resulting in a velocity of 13.48 ft/min. This velocity 
was then divided by the proppant concentration, 0.80 ppg, giving a V/C ratio of 16.85 ft/min/ppg. 
This value was then used in Equation 6.9 to calculate the EDL value which was found to be 
94.84%. The dune height was then calculated by multiplying the EDL by the fracture height, 250 
ft., resulting in a dune height of 237.1 ft. The slurry velocity at the calculated dune height was 
calculated to be 261.2 ft/min showing a significant increase in velocity.  
 �DL = . × . − . × . . × . − . = . % 
 
It is important to highlight that at this example’s slurry velocity and concentration 
conditions, the previous developed correlations in Sections 6.1 and 6.2 are not applicable to be 
used for proppant dune height prediction. This is because these correlations were developed for 
specific slurry velocities and concentrations that don’t match the example’s conditions. This shows 
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the advantage of the developed correlations in Section 6.3 which can predict the dune height at 
any given slurry velocity and concentration within the tested ranges.  
 
6.3.1.2 100 Mesh Sand V/C Based Correlations  
The dune height correlations for the 100 mesh size sands, white and brown, were developed 
as functions of the velocity to concentration ratio. Table 6.14 shows the 100 mesh brown sand 
EDL and V/C ratios data, and they are plotted in Figure 6.10. Interestingly, the obtained trends for 
the 100 mesh brown sand showed linear trends matching its EDL versus slurry velocity trends 
shown in Section 4.3.1.2. The obtained linear trends are represented by the general linear form 
equation shown in Equation 6.14 The linear equations’ slopes and intercepts in Figure 6.10 were 
plotted as functions of concentration to evaluate any relationships that can be used to combine the 
trend equations in one correlation equation. The intercepts, αL’s, are plotted in Figure 6.11 showing 
an excellent fit with the power law trend. For the slopes, L’s, they are plotted in Figure 6.12 which 
shows an almost perfect linear trend. The constants equations are presented in Equations 6.15 and 
6.16. These equations were used to substitute for the slope and intercept terms in Equation 6.14 to 
produce the 100 mesh brown sand V/C based correlation shown in Equation 6.17. 
 











23.6 94.4 80.65 
26.5 106.0 76.88 




17.0 34.0 88.31 
28.6 57.2 77.15 




16.1 16.1 91.13 
18.2 18.2 88.17 
20.3 20.3 86.69 
26.1 26.1 82.80 




Figure 6.10: 100 mesh brown sand showing linear trends for EDL values as function of slurry 
velocity to concentration ratio (V/C). 
�DL = × (VC) +  (6.14) 
Where,  
 αL = Linear equation intercept, %  [Length/Length] 
 L = Linear equation slope, ppg*min/ft [Mass*Time/Length4] 
 
 
Figure 6.11μ Correlation constant (αL) for the 100 mesh brown sand plotted as function of 
proppant concentration (C) showing a power law trend with high R2 value. 
y = -0.0080x + 1.0342
R² = 0.991
y = -0.0045x + 1.0374
R² = 0.990


























































Figure 6.12μ Correlation constant ( L) for the 100 mesh brown sand plotted as function of 
proppant concentration (C) showing an almost perfect linear trend. 
= . × C − . × −  (6.15) 
 = − . × − × C − . × −  (6.16) 
 
100 mesh brown sand V/C based correlation,  �DL = − . × C − . × (VC) + . × C − . × −  (6.17) 
 
The 100 mesh white sand dune height correlation was developed using its V/C ratio data 
shown in Table 6.15. The EDL and V/C data was plotted as shown in Figure 6.13 and it showed 
linear trends at the tested concentrations. Their intercepts and slopes are plotted in Figures 6.14 
and 6.15, respectively. The constant equations for the trends in Figure 6.13 are shown in Equations 
6.18 and 6.19. Substituting these equations for the linear correlation constants terms gives the 100 
mesh white sand V/C based correlation shown in Equation 6.20. Table 6.16 summarizes the 
developed V/C based EDL correlations for the 100 and 30/70 mesh sands.  
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23.6 94.4 80.1 
26.5 106.0 76.9 




16.6 33.2 89.8 
19.5 39.0 87.1 
28.6 57.2 78.2 




16.1 16.1 91.5 
18.2 18.2 89.2 
20.3 20.3 87.9 
21.9 21.9 87.1 
  
 
Figure 6.13: 100 mesh white sand showing linear trends for its EDL values as function of slurry 
velocity to concentration ratio (V/C). 
y = -0.00799x + 1.0429
R² = 0.982
y = -0.00472x + 1.0550
R² = 0.999



































Figure 6.14μ Correlation intercept (αL) for the 100 mesh white sand plotted as a function of 
proppant concentration (C) showing a power law trend with high R2 value. 
 
Figure 6.15μ Correlation slope ( L) for the 100 mesh white sand plotted as a function of proppant 
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= . × C − . × −  (6.18) 
 = − . × − × C − . × −  (6.19) 
 
For 100 mesh white sand and slurry velocity > 12.4 ft/min, �DL = − . × C − . × (VC) + . × C − . × −  (6.20) 
 










�DL = − . × C − . × (VC) + . × C − . × −  
White 
�DL = − . × C − . × (VC) + . × C − . × −  
30/70 
�DL = . × C − . × (VC) . × − × − .  
Brown 
�DL = . × C − . × (VC) . ×× − × − .  
≤ .4 �DL = − . × V + . × (VC)− . × − ×V− . × −  
 
6.3.1.3 Correlations Error Analysis 
The accuracy of the developed V/C based EDL correlations in Table 6.16 were evaluated by 
calculating their error values relative to actual lab data using Equation 6.4. The first set of analyzed 
data was for the 30/70 mesh brown sand. It has two V/C based correlations for the high and low 
velocity ranges, higher and lower than 12.4 ft/min. The calculated errors for both correlations 
showed very low values as shown in Table 6.17. In fact, the low range velocity has an average 
error of 0.15% while the higher velocity correlation showed an average error of 0.75%. The 30/70 
mesh white sand V/C based correlation, also, indicated high accuracy prediction by its low average 









EDL, % Error, % 
Measured Predicted Value Average 
2.1 2.819 98.84 99.14 0.30 0.30 
0.15 
4.1 
1.325 97.85 98.20 0.36 
0.34 
1.713 97.98 98.29 0.32 
6.2 
0.866 97.31 97.31 0.00 
0.04 1.113 97.45 97.42 0.03 
1.648 97.50 97.59 0.09 
8.3 
0.643 96.45 96.43 0.03 
0.03 
0.723 96.51 96.49 0.02 
0.825 96.56 96.55 0.01 
1.020 96.61 96.66 0.05 
1.213 96.77 96.75 0.03 
12.4 
0.425 94.62 94.64 0.02 
0.07 
0.543 94.76 94.80 0.05 
0.794 94.95 95.05 0.11 
1.084 95.30 95.25 0.05 
1.495 95.56 95.46 0.11 
20.7 
0.250 
86.29 86.79 0.58 
0.68 
0.75 
23.6 84.68 84.94 0.31 
26.5 82.80 83.34 0.66 
32.7 79.57 80.51 1.18 
13.7 
0.500 
94.09 93.10 1.05 
1.11 
16.6 92.07 90.59 1.61 
19.5 89.25 88.53 0.80 
26.1 86.02 84.92 1.28 
28.6 84.41 83.83 0.69 
31.5 83.33 82.69 0.78 
35.6 82.53 81.25 1.55 
17.8 
0.750 
91.94 91.41 0.57 
0.46 
19.0 91.40 90.67 0.80 
21.1 89.78 89.55 0.26 
24.0 88.71 88.18 0.60 
26.9 87.10 86.97 0.14 
29.0 86.56 86.20 0.41 
14.5 
1.000 
94.35 95.28 0.98 
0.76 
16.1 93.68 94.27 0.63 
18.2 92.74 93.16 0.45 
21.9 90.59 91.47 0.97 
26.1 89.25 89.92 0.76 
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EDL, % Error, % 
Measured Predicted Value Average 
20.7 
0.25 
88.44 89.04 0.68 
0.54 
0.80 
23.6 86.83 87.41 0.67 
26.5 85.48 86.00 0.61 
32.7 83.33 83.49 0.19 
13.7 
0.50 
94.62 93.93 0.73 
1.25 
16.6 93.55 91.83 1.84 
19.5 91.40 90.11 1.41 
26.1 88.04 87.06 1.11 
28.6 87.23 86.13 1.26 
31.5 86.16 85.16 1.16 
14.5 
1.00 
94.89 95.77 0.93 
0.62 
16.1 94.62 95.04 0.44 
18.2 93.82 94.23 0.44 
20.3 93.01 93.51 0.54 
21.9 92.47 93.00 0.57 
26.1 91.13 91.86 0.81 
 
The 100 mesh sand V/C based correlations were analyzed as well for their prediction 
accuracy. Both the 100 mesh white and brown sands correlations low errors confirmed the precise 
predictive ability of the V/C based correlations observed at the 30/70 mesh sand. Table 6.19 
presents the calculated errors for the 100 mesh brown sand V/C based correlation which have an 
average value of 0.80%. The 100 mesh white sand correlation prediction errors are displayed in 









EDL, % Error, % 
Measured Predicted Value Average 
20.7 
0.25 
83.60 82.86 0.89 
0.53 
0.80 
23.6 80.65 79.88 0.95 
26.5 76.88 76.90 0.02 
32.7 70.70 70.51 0.27 
13.7 
0.50 
91.53 91.77 0.26 
1.37 
17.0 88.31 88.86 0.63 
28.6 77.15 78.68 1.98 
31.5 74.19 76.13 2.61 
14.5 
1.00 
92.20 91.76 0.48 
0.51 
16.2 91.13 90.43 0.77 
18.2 88.17 88.76 0.67 
20.3 86.69 87.10 0.47 
26.1 82.80 82.44 0.43 
30.2 79.30 79.12 0.23 
 





EDL, % Error, % 
Measured Predicted Value Average 
20.7 
0.25 
83.49 83.18 0.37 
0.97 
0.70 
23.6 80.11 79.84 0.34 
26.5 76.88 76.49 0.50 
32.7 71.24 69.35 2.66 
13.7 
0.50 
92.47 93.03 0.60 
0.82 
16.6 89.78 90.36 0.65 
19.5 87.10 87.69 0.68 
28.6 78.23 79.32 1.40 
31.5 76.08 76.66 0.76 
14.5 
1.00 
92.88 92.59 0.32 
0.31 
16.1 91.53 91.30 0.25 
18.2 89.25 89.61 0.41 
20.3 87.90 87.93 0.03 
21.9 87.10 86.64 0.52 
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The V/C based correlations were further evaluated using a new set of experimental data that 
was not part of the data used in their development. Also, each sand type and size was tested at 
constant slurry velocity while varying the concentration which is different than the method used 
in generating the correlations data where velocity was varied while concentration was kept 
unchanged. In addition, this data used new values for slurry velocity and concentration. Using the 
V/C based correlations, the predicted EDL values for each sand type and size showed low average 
error values ranging from 0.45% to 0.79%. The V/C based correlations low error predicted values 
do not only signify the correlations high accuracy and reliability in prediction but also indicate the 
reproducibility of the experimental data. Tables 6.21, 6.22, 6.23, and 6.24 summarize the 
correlations predictions and their calculated error values for all sand types and sizes. 
 
Table 6.21: 30/70 mesh brown sand V/C based correlations prediction and error values compared 





EDL, % Error, % 
Measured Predicted Value Average 
16.56 
0.317 89.78 89.94 0.18 
0.58 
0.79 
0.405 90.99 90.15 0.93 
0.590 92.26 91.12 1.23 
0.873 93.15 93.10 0.05 
0.965 93.28 93.78 0.54 
20.70 
0.253 86.29 86.78 0.57 
0.75 
0.323 87.63 86.84 0.91 
0.766 90.32 89.90 0.47 
0.982 90.86 91.83 1.07 
24.84 
0.236 83.47 84.24 0.93 
1.04 
0.390 84.68 84.72 0.05 
0.575 86.69 86.15 0.63 
0.812 88.71 88.44 0.31 
1.060 89.78 90.98 1.33 




Table 6.22: 30/70 mesh white sand V/C based correlations prediction and error values compared 





EDL, % Error, % 
Measured Predicted Value Average 
12.4 
0.425 94.62 94.93 0.33 
0.53 
0.67 
0.477 94.76 94.96 0.21 
0.543 95.03 95.07 0.04 
0.670 95.22 95.44 0.24 
0.794 95.30 95.92 0.66 
1.084 95.56 97.20 1.71 
16.56 
0.317 91.72 91.57 0.17 
0.64 
0.405 92.47 91.56 0.99 
0.590 93.33 92.25 1.16 
0.803 93.74 93.53 0.22 
20.70 
0.253 87.90 89.02 1.27 
0.84 
0.323 88.44 88.86 0.47 
0.470 90.05 89.29 0.85 
0.766 92.07 91.37 0.75 
 
Table 6.23: 100 mesh brown sand V/C based correlations prediction and error values compared 





EDL, % Error, % 
Measured Predicted Value Average 
16.56 
0.317 88.17 88.04 0.15 
0.37 
0.45 
0.405 88.44 88.76 0.36 
0.590 89.11 89.52 0.45 
0.873 89.52 89.99 0.53 
20.70 
0.253 83.60 82.92 0.81 
0.54 
0.284 84.01 83.53 0.57 
0.323 84.41 84.12 0.34 
0.397 84.73 84.91 0.21 




Table 6.24: 100 mesh white sand V/C based correlations prediction and error values compared to 





EDL, % Error, % 
Measured Predicted Value Average 
16.56 
0.317 88.82 89.10 0.31 
0.59 
0.61 
0.405 89.25 89.92 0.75 
0.590 89.92 90.65 0.81 
0.873 90.45 90.92 0.52 
1.102 91.40 90.92 0.53 
20.70 
0.253 83.49 83.27 0.27 
0.63 
0.323 84.41 84.83 0.50 
0.470 85.48 86.41 1.08 
0.766 86.83 87.40 0.66 
1.069 88.17 87.63 0.62 
 
6.3.2 V /Cδ Based Sand Dune Height Correlations  
The second set of correlations were developed based on the linear trends of EDL versus 
V /Cδ for the 100, 30/70, and 20/40 mesh sands. It was found that there are certain values of  and 
δ where the obtained curves and lines for EDL vs. V/C at the different proppant concentrations in 
Section 6.3.1 become one set of data that has a linear relationship when plotted as EDL versus 
V /Cδ. In addition to their simple equations, the V/Cδ based correlations were found to produce 
more accurate predictions with lower error values than the developed V/C based correlations in 
Section 6.3.1. The 30/70 mesh sand V/Cδ based correlations are shared in Section 6.3.2.1 while 
the 100 and 20/40 mesh sands correlations ae shared in Sections 5.3.2.2 and 6.3.2.3. 
 
6.3.2.1 30/70 Mesh Sand V /Cδ Based Correlations 
The γ0/70 mesh brown sand data was first analyzed to find the value of  and δ that would 
make the various power law trend curves in Figures 6.1 and 6.4 form one linear trend. This was 
achieved by using Excel solver to find  and δ values so that the error of the correlation prediction 
using the linear trend equation shown in Equation 6.21 is minimized. The first step was by 
choosing starting values for  and δ and calculating V /Cδ at each data point. Then, Excel functions 
were used to automatically calculate the resulting data slope, αL, and intercept, L, assuming a 
linear trend as shown in Equation 6.21. After that, the EDL value was predicted at all ata points 
using the new linear equation that has αL as its intercept and L as its slope while its independent 
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variable is V /Cδ. At this point, the calculated error values were very high due to the random 
selection of  and δ values. Now that the correlation prediction error is linked to its linear equation 
constants,  and δ, the Excel solver function was used to find  and δ so that the correlation gives 
the lowest possible error. The linear trend equation was then taken as the correlation equation 
relating EDL to (V /Cδ).  
 �dL = × VC +  (6.21) 
Where,  
 V = Slurry velocity,  [ ] 
 C = Proppant concentraiton, ββg [ ] 
 = Velocity term exponent, Dimensionless  
δ = Concentration term exponent, Dimensionless 
L = Linear equation slope, 
�×�
 [ �×� ] 
αL = Linear equation intercept, % [ ] 
 
The developed correlation for the 30/70 mesh brown sand at the high velocity range, greater 
than 12.4 ft/min, is presented in Equation 6.22 which has  and δ values of 0.607γ and 0.1857, 
respectively. When the EDL was plotted against V0.6073/C0.1857, it showed a linear trend with high 
R2 of 0.992 as shown in Figure 6.16. It is important to highlight that this data contains both lab 
results obtained at constant concentration while varying velocity and data at constant velocity 
while concentration was changed. The lower range velocity (V ≤ 1β.4 ft/min) correlation is shown 
in Equation 6.23, and its data is plotted with the higher velocity range in Figure 6.17. Both the 
higher and lower range velocity 30/70 mesh brown sand correlations have the same values for  
and δ while they differ in αL and L. For the mesh 30/70 mesh white brown sand, its correlation 
equation parameters were obtained using the same method, and it is shown in Equation 6.24. The 
30/70 mesh white sand data is plotted in Figure 6.18 showing a linear trend with R2 of 0.986.  
 




Figure 6.16: 30/70 mesh brown sand EDL data plotted as function of V0.6073/C0.1857 showing high 
linearity with R2 of 0.992 for velocity greater than 12.4 ft/min. 
For γ0/70 mesh brown sand (V ≤ 1β.4 ft/min) �dL = − . × V .C . + .  (6.23) 
 
 
Figure 6.17: 30/70 mesh brown sand EDL data plotted as function of V0.6073/C0.1857 for the high 
and low velocity ranges showing high linearity trends. 






























y = -0.02687x + 1.0825
R² = 0.992






























V > 12.4 ft/min
V ≤ 1β.t ft/min
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For 30/70 mesh white sand: �dL = − . × V .C . + .  (6.24) 
 
 
Figure 6.18: 30/70 mesh white sand EDL data plotted as function of (V0.8027/C0.2731) showing a 
linear relationship with high R2 value.  
6.3.2.2 100 Mesh Sand V /Cδ Based Correlations 
The 100 mesh brown and white sand V/Cδ based correlations were developed using the 
same method used for the 30/70 mesh sand correlations and are shown in Equations 6.25 and 6.26, 
respectively. The data used for developing the 100 mesh brown sand is plotted in Figure 6.19 
showing a linear trend with high R2 value of 0.995. The same observation is shown for the 100 
mesh white sand data plotted in Figure 6.20. It can be observed that the 100 mesh sand correlations 
have higher exponents for the velocity term and lower exponents for the concentration term than 
the 30/70 mesh sand correlations. This indicates the 100 mesh correlations show lower EDL values 
compared to the 30/70 mesh sand correlations at the same V/C values. This confirms the higher 
erosional effect of the 100 mesh sand observed from the experimental results in Chapter 4.  
 
For 100 mesh brown sand: �dL = − . × V .C . + .  (6.25) 
 






























For 100 mesh white sand: �dL = − . × V .C . + .  (6.26) 
 
 
Figure 6.19: 100 mesh brown sand EDL data plotted as function of V0.1.176/C0.1343 showing a 
linear trend with R2 of 0.995. 
 
Figure 6.20: 100 mesh white sand EDL data plotted as function of (V1.0657/C0.1761) showing a 
linear relationship with high R2 value of 0.998. 
























































6.3.2.3 20/40 Mesh Sand V /Cδ Based Correlations  
The β0/40 mesh white sand data was processed to find the correlations’ constants that result 
in the minimum prediction error compared to actual lab measurements. The values of  and δ were 
found to be 0.3321 and 0.2955, respectively. Using the obtained constants, the EDL versus V/Cδ 
values were plotted as shown in Figure 6.21 showing a linear trend with R2 of 0.935. These results 
were used to develop the 20/40 mesh white sand V/Cδ based correlations presented in Equation 
6.27. The change in the concentration term exponent relative to the 30/70 mesh white sand V/Cδ 
based correlation is not large but the velocity term exponent is lower by around 62% for the 20/40 
mesh white sand correlation. This shows that the 20/40 mesh white sand has a lower erosional 
effect or higher dune settling compared to the 30/70 mesh white sand matching the experimental 
observations. Table 6.25 summarizes the developed V/Cδ based correlations for the 100, 30/70, 
and 20/40 mesh sands.   
 
For 20/40 mesh white sand: �dL = − . × V .C . + .  (6.27) 
 
 
Figure 6.21: 20/40 mesh white sand EDL data plotted as function of V0.3321/C0.2955 showing a 
linear trend with R2 of 0.935. 





























Table 6.25: Developed V/Cδ based EDL correlations for the 100, 30/70, and 20/40 mesh sands. 
Sand size, 
Mesh Sand type 
Velocity 




�dL = − . × V .C . + .  
White �dL = − . × V .C . + .  
30/70 
Brown 
�dL = − . × V .C . + .  
≤ 1β.4 �dL = − . × V .C . + .  
White ≥ 1β.4 
�dL = − . × V .C . + .  
20/40 �dL = − . × V .C . + .  
 
6.3.2.4 Correlations Error Analysis 
The V /Cδ based correlations shared in Section 6.3.2 were evaluated for their accuracy based 
on their predicted EDL values errors relative to measured lab data. All of the V/Cδ based 
correlations showed better accuracy than the V/C based correlations in Section 6.3.1. Starting with 
the 30/70 mesh brown sand correlation, its predicted and calculated errors values are shown in 
Table 6.26 for the high velocity range and Table 6.27 for the low velocity range. Both correlations 
showed low average error values of 0.30% and 0.17% indicating their correlations higher accuracy 
and slightly better prediction than V/C based correlations. Table 6.28 shares the predicted values 
of the 30/70 mesh white sand showing a low average error value of 0.33% which is 50% lower 
than the average error value shown for the V/C based correlation.   
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Table 6.26: 30/70 mesh brown sand predicted EDL values and the calculated error values using 







EDL, % Error, % 
Measured Predicted Value Average 
16.6 0.317 6.8 89.78 89.96 0.19 
0.30 
16.6 0.405 6.5 90.99 90.77 0.25 
16.6 0.590 6.1 92.26 91.95 0.33 
16.6 0.873 5.6 93.15 93.10 0.05 
16.6 0.965 5.5 93.28 93.38 0.10 
20.7 0.253 8.1 86.29 86.41 0.13 
20.7 0.323 7.8 87.63 87.37 0.30 
20.7 0.766 6.6 90.32 90.47 0.16 
20.7 0.982 6.3 90.86 91.27 0.45 
24.8 0.236 9.2 83.47 83.53 0.08 
24.8 0.390 8.4 84.68 85.74 1.25 
24.8 0.575 7.8 86.69 87.30 0.70 
24.8 0.812 7.3 88.71 88.60 0.12 
24.8 1.060 7.0 89.78 89.55 0.26 
24.8 1.232 6.8 90.05 90.06 0.01 
20.7 0.253 8.1 86.29 86.41 0.13 
23.6 0.248 8.8 84.68 84.52 0.19 
26.5 0.251 9.5 82.80 82.84 0.06 
32.7 0.250 10.8 79.57 79.34 0.28 
38.5 0.250 11.9 76.34 76.34 0.00 
13.7 0.493 5.6 94.09 93.25 0.88 
16.6 0.498 6.3 92.07 91.43 0.69 
19.5 0.500 6.9 89.25 89.72 0.53 
26.1 0.503 8.2 86.02 86.13 0.13 
28.6 0.498 8.7 84.41 84.83 0.50 
31.5 0.498 9.2 83.33 83.41 0.09 
35.6 0.499 10.0 82.53 81.49 1.25 
17.8 0.745 6.1 91.94 91.94 0.01 
19.0 0.755 6.3 91.40 91.30 0.10 
21.1 0.750 6.7 89.78 90.18 0.44 
24.0 0.749 7.3 88.71 88.71 0.00 
26.9 0.748 7.8 87.10 87.30 0.24 
29.0 0.753 8.1 86.56 86.37 0.22 
14.5 1.004 5.1 94.35 94.63 0.29 
16.1 0.991 5.4 93.68 93.67 0.01 
18.2 0.998 5.8 92.74 92.59 0.17 
21.9 1.006 6.5 90.59 90.74 0.16 
26.1 1.007 7.2 89.25 88.81 0.50 
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Table 6.27: 30/70 mesh brown sand predicted EDL values and their calculated error values using 







EDL, % Error, % 
Measured Predicted Value Average 
2.1 2.819 1.3 98.84 99.06 0.22 
0.17 
4.1 1.325 2.2 97.85 98.01 0.16 
4.1 1.713 2.1 97.98 98.12 0.14 
6.2 0.866 3.1 97.31 97.07 0.24 
6.2 1.113 3.0 97.45 97.23 0.22 
6.2 1.648 2.8 97.50 97.45 0.05 
8.3 0.643 3.9 96.45 96.20 0.26 
8.3 0.723 3.8 96.51 96.29 0.22 
8.3 0.825 3.7 96.56 96.39 0.17 
8.3 1.020 3.6 96.61 96.55 0.07 
8.3 1.213 3.5 96.77 96.67 0.10 
12.4 0.425 5.4 94.62 94.58 0.05 
12.4 0.543 5.2 94.76 94.84 0.09 
12.4 0.794 4.8 94.95 95.22 0.29 
12.4 1.084 4.5 95.30 95.52 0.23 






Table 6.28: 30/70 mesh white sand predicted EDL values and their calculated error values using 







EDL, % Error, % 
Measured Predicted Value Average 
12.4 0.425 9.5 94.62 94.33 0.31 
0.33 
12.4 0.477 9.2 94.76 94.57 0.20 
12.4 0.543 8.9 95.03 94.84 0.20 
12.4 0.670 8.4 95.22 95.25 0.04 
12.4 0.794 8.0 95.30 95.57 0.28 
12.4 1.084 7.4 95.56 96.11 0.57 
16.6 0.317 13.0 91.72 91.45 0.30 
16.6 0.405 12.2 92.47 92.14 0.36 
16.6 0.590 11.0 93.33 93.13 0.22 
16.6 0.803 10.1 93.74 93.86 0.14 
20.7 0.253 16.6 87.90 88.52 0.70 
20.7 0.323 15.5 88.44 89.40 1.08 
20.7 0.470 14.0 90.05 90.65 0.66 
20.7 0.766 12.2 92.07 92.09 0.03 
20.7 0.253 16.6 88.44 88.52 0.08 
23.6 0.248 18.5 86.83 86.92 0.11 
26.5 0.251 20.2 85.48 85.48 0.00 
32.7 0.250 24.0 83.33 82.37 1.16 
13.7 0.493 9.9 94.62 94.04 0.62 
16.6 0.498 11.5 93.55 92.70 0.91 
19.5 0.500 13.1 91.40 91.40 0.00 
26.1 0.503 16.5 88.04 88.55 0.58 
28.6 0.498 17.8 87.23 87.47 0.28 
31.5 0.498 19.3 86.16 86.28 0.14 
14.5 1.004 8.5 94.89 95.16 0.28 
16.1 0.991 9.3 94.62 94.49 0.14 
18.2 0.998 10.3 93.82 93.72 0.11 
20.3 1.003 11.2 93.01 92.96 0.05 
21.9 1.006 11.9 92.47 92.37 0.11 




The error analysis of the 100 mesh sand V/Cδ based correlations, also, showed low average 
error values of 0.35% and 0.30% for the brown and white sands, respectively. Their EDL predicted 
values and calculated errors are presented in Tables 6.29 and 6.30. It is interesting to notice that 
the average errors of the V/Cδ based correlations for the 30/70 and 100 mesh sands fall within a 
small range of 0.30% to 0.35%. For the 20/40 mesh white sand, it also showed a low average error 
value of 0.49% as shown in Table 6.31. The V/Cδ based correlations predictions for all sand types 
and sizes data showed average error values lower than 0.50% indicating their high prediction 
precision relative to lab data. 
  
Table 6.29: 100 mesh brown sand predicted EDL values and their calculated error values using 







EDL, % Error, % 
Measured Predicted Value Average 
16.6 0.317 31.7 88.17 88.18 0.01 
0.35 
16.6 0.405 30.6 88.44 88.61 0.20 
16.6 0.590 29.1 89.11 89.26 0.16 
16.6 0.873 27.6 89.52 89.89 0.42 
20.7 0.253 42.4 83.60 83.60 0.00 
20.7 0.284 41.8 84.01 83.88 0.15 
20.7 0.323 41.1 84.41 84.18 0.27 
20.7 0.397 39.9 84.73 84.66 0.08 
20.7 0.638 37.5 85.48 85.71 0.26 
20.7 0.253 42.4 83.60 83.60 0.00 
23.6 0.248 49.6 80.65 80.55 0.12 
26.5 0.251 56.8 76.88 77.51 0.81 
32.7 0.250 72.8 70.70 70.70 0.00 
13.7 0.493 23.8 91.53 91.52 0.01 
17.0 0.486 30.8 88.31 88.56 0.28 
19.5 0.500 36.0 86.56 86.34 0.26 
28.6 0.498 56.6 77.15 77.59 0.57 
31.5 0.498 63.4 74.33 74.69 0.49 
14.5 1.004 23.2 92.20 91.79 0.45 
16.1 0.991 26.4 90.86 90.43 0.47 
18.2 0.998 30.4 88.17 88.73 0.64 
20.3 1.003 34.4 86.69 87.00 0.35 
26.1 1.007 46.3 82.80 81.98 0.99 
30.2 1.002 55.0 79.30 78.25 1.33 
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Table 6.30: 100 mesh white sand predicted EDL values and their calculated error values using 







EDL, % Error, % 
Measured Predicted Value Average 
16.6 0.317 24.4 88.82 88.40 0.47 
0.30 
16.6 0.405 23.4 89.25 89.05 0.22 
16.6 0.590 21.9 89.92 89.99 0.08 
16.6 0.873 20.4 90.45 90.91 0.50 
20.7 0.253 32.2 83.49 83.49 0.00 
20.7 0.323 30.8 84.41 84.35 0.08 
20.7 0.470 28.9 85.48 85.59 0.12 
20.7 0.766 26.5 86.83 87.08 0.29 
20.7 1.069 25.0 88.17 88.03 0.16 
20.7 0.253 32.2 83.49 83.49 0.00 
23.6 0.248 37.1 80.11 80.39 0.35 
26.5 0.251 41.9 76.88 77.38 0.64 
32.7 0.250 52.5 71.24 70.71 0.74 
38.5 0.250 62.5 64.25 64.45 0.31 
13.7 0.493 18.4 92.74 92.18 0.61 
16.6 0.498 22.5 89.78 89.58 0.23 
19.5 0.500 26.7 87.10 86.93 0.19 
28.6 0.498 40.3 78.23 78.42 0.24 
31.5 0.498 44.6 76.08 75.67 0.53 
14.5 1.004 17.3 92.88 92.88 0.00 
16.1 0.991 19.4 91.53 91.52 0.01 
18.2 0.998 22.1 89.25 89.86 0.69 
20.3 1.003 24.7 87.90 88.19 0.33 
21.9 1.006 26.8 87.10 86.85 0.29 
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Table 6.31: 20/40 mesh white sand predicted EDL values and their calculated error values using 







EDL, % Error, % 
Measured Predicted Value Average 
20.7 0.253 4.1 88.98 89.39 0.46 
0.49 
20.7 0.284 4.0 89.52 90.16 0.72 
20.7 0.323 3.8 91.40 91.00 0.43 
20.7 0.470 3.4 93.01 93.27 0.28 
17.0 0.395 3.4 93.55 93.55 0.00 
20.7 0.397 3.6 92.20 92.29 0.09 
24.4 0.397 3.8 90.86 91.14 0.30 
21.9 0.374 3.7 90.86 91.52 0.73 
17.4 0.302 3.7 92.47 91.81 0.72 
19.5 0.302 3.8 91.94 91.02 0.99 
22.4 0.298 4.0 90.32 89.93 0.44 
27.3 0.299 4.3 89.38 88.39 1.11 
20.7 0.253 4.1 88.98 89.39 0.46 
23.6 0.248 4.3 87.63 88.23 0.68 




6.4 Dune Height Correlations at Variable Velocity, Concentration, and Median diameter 
The developed correlations so far predict the dune height based on the slurry velocity, 
concentration, or a combination of both. These correlations were developed based on the sand type 
and size. Therefore, their application is limited to the specific tested median diameters. In this 
section, a new correlation is developed which includes the proppant median diameter as a 
parameter. Having the median diameter as part of the correlation enhances its prediction ability 
and application. The developed correlation in this section is for the white sand.  
The correlation development process started by studying the EDL versus V/Cδ linear trends 
obtained at the 100, 30/70, and 20/40 mesh white sands in Section 6.3.2 for any relationships 
between the linear correlations’ constants, ’s, δ’s, L’s, and αL’s, and the proppant median 
diameters (D’s). The correlations’ constants shown in Table 6.32 were plotted as  function of the 
median diameter but no apparent trend was observed for αL versus D while the other parameters 
showed power law trends with low R2 values.  
 










, ppg*min/ft αL, % 
100 0.185 .  .  − . × −  .  
30/70 0.338 .  .  − . × −  .  
30/70 0.739 .  .  − . × −  .  
 
After that, Excel solver was utilized to find the constants relationships with the median 
diameter and their equations so that the correlation prediction error is minimized. Figure 6.22 
shows a flow chart explaining the process followed to find the constants equations. The resulting 
equations for , δ, L, and αL as functions of the median diameter are shown in Equations 6.28, 
6.29, 6.30, and 6.31, respectively. Also, the generated constants were plotted in 
Figures 6.23, 6.24, 6.25, and 6.26 showing R2 values ranging from 0.849 to 0.999. Substituting 
these equations in Equation 6.21 for the constants gives a correlation that can predict the dune 
height based on the slurry velocity, proppant concentration, and median diameter as shown in 




Figure 6.22: Flow chart showing the process used to develop the correlation shown in Equation 
6.32. 
� = × ( ) +  
� = × ×  × �× �  + ×  
4.1- choose values for , δ, , 
and �at the three D values 
(0.185, 0.338, and 0.739 mm)  
4.2- Calculate the slopes & 
intercepts of the constants vs. D 
4.3- Substitute for the slopes and 
intercepts in step-3 equation 
4.4- Predict EDL using V, C, 
and D values 
4.5- Repeat until predicted EDL 
error is minimized 
5- Repeat steps 2 to 4 using the 16 possible 
combinations of the constants equations 
(linear and power law) and record the average 
error of each combination.  
6- Select the constants 
equations with the lowest 
error. 
1- Select correlation equation 
type 
3- Substitute for the constants 
using the selected equations 
4- Use Excel Solver to find the 
constants equations’ slopes and 
intercepts 
2- Define the constants as 
functions of D using power law 
or linear equations 
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= . × D− .  (6.28) = . × D + . × −  (6.29) = − . × − × D− .  (6.30) = . × D− .  (6.31) �DL = − . × − × D− . ×  V( . × − . 9 )C . × + . × −  + . × D− .  (6.32) 
Where,  
 V = Slurry velocity,  [ ]  
 C = Proppant concentration, ββg [ ] 
 D = Proppant median diameter, mm [Length] 
 
 
Figure 6.23: Power law trend observed for the concentration term exponent ( ) with the proppant 








































Figure 6.24μ Linear trend for the velocity term exponent (δ) with the proppant median diameter 
(D) showing a high R2 of 0.999. 
 
Figure 6.25: Power law trend for the negative correlation slope (-L) with the proppant median 
diameter (D) showing a high R2 of 0.928. 





































































Figure 6.26: Power law trend for the correlation ntercept (αL) with the proppant median 
diameter (D) showing an R2 of 0.849 
6.4.1 Correlations Error Analysis 
The developed correlation shown in Equation 6.32 was used to predict all lab measured EDL 
values for the 100, 30/70, and 20/40 mesh white sands. The obtained values were compared with 
the lab data to calculate the correlation prediction error. Starting with the 100 mesh white sand, its 
predicted EDL values and calculated errors are presented in Table 6.33 which shows a low average 
error value of 0.31%. The 30/70 and 20/40 mesh sands showed, also, low average error values of 
0.46% and 0.57%, respectively, as shown in Tables 6.34 and 6.35. The correlation’s ow error 





























Proppant median diameter (D), mm
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Table 6.33: Predicted EDL values for the 100 mesh white sand using Equation 6.32 showing low 







EDL, % Error, % 
Measured Predicted Value Average 
16.6 0.317 24.4 88.82 88.38 0.49 
0.31 
16.6 0.405 23.4 89.25 88.99 0.29 
16.6 0.590 21.9 89.92 89.89 0.04 
16.6 0.873 20.4 90.45 90.75 0.33 
20.7 0.253 32.2 83.49 83.51 0.02 
20.7 0.323 30.8 84.41 84.31 0.11 
20.7 0.470 28.9 85.48 85.49 0.01 
20.7 0.766 26.5 86.83 86.91 0.09 
20.7 1.069 25.0 88.17 87.82 0.40 
20.7 0.253 32.2 83.49 83.51 0.02 
23.6 0.248 37.1 80.11 80.40 0.37 
26.5 0.251 41.9 76.88 77.37 0.64 
32.7 0.250 52.5 71.24 70.66 0.81 
38.5 0.250 62.5 64.25 64.35 0.16 
13.7 0.493 18.4 92.74 92.10 0.69 
16.6 0.498 22.5 89.78 89.49 0.33 
19.5 0.500 26.7 87.10 86.83 0.30 
28.6 0.498 40.3 78.23 78.24 0.01 
31.5 0.498 44.6 76.08 75.46 0.82 
14.5 1.004 17.3 92.88 92.73 0.16 
16.1 0.991 19.4 91.53 91.36 0.19 
18.2 0.998 22.1 89.25 89.68 0.49 
20.3 1.003 24.7 87.90 87.99 0.10 






Table 6.34: Predicted EDL values for the 30/70 mesh white sand using Equation 5.34 showing 







EDL, % Error, % 
Measured Predicted Value Average 
12.4 0.425 9.5 94.62 94.89 0.28 
0.46 
12.4 0.477 9.2 94.76 95.10 0.37 
12.4 0.543 8.9 95.03 95.34 0.33 
12.4 0.670 8.4 95.22 95.70 0.51 
12.4 0.794 8.0 95.30 95.98 0.72 
12.4 1.084 7.4 95.56 96.46 0.93 
16.6 0.317 13.0 91.72 91.90 0.20 
16.6 0.405 12.2 92.47 92.54 0.07 
16.6 0.590 11.0 93.33 93.45 0.12 
16.6 0.803 10.1 93.74 94.12 0.41 
20.7 0.253 16.6 87.90 88.73 0.95 
20.7 0.323 15.5 88.44 89.57 1.28 
20.7 0.470 14.0 90.05 90.76 0.79 
20.7 0.766 12.2 92.07 92.14 0.08 
20.7 0.253 16.6 88.44 88.73 0.33 
23.6 0.248 18.5 86.83 86.90 0.08 
26.5 0.251 20.2 85.48 85.19 0.34 
32.7 0.250 24.0 83.33 81.42 2.30 
13.7 0.493 9.9 94.62 94.52 0.11 
16.6 0.498 11.5 93.55 93.05 0.53 
19.5 0.500 13.1 91.40 91.58 0.20 
26.1 0.503 16.5 88.04 88.26 0.25 
28.6 0.498 17.8 87.23 86.97 0.30 
31.5 0.498 19.3 86.16 85.52 0.74 
14.5 1.004 8.5 94.89 95.46 0.60 
16.1 0.991 9.3 94.62 94.73 0.11 
18.2 0.998 10.3 93.82 93.86 0.05 
20.3 1.003 11.2 93.01 93.00 0.01 
21.9 1.006 11.9 92.47 92.31 0.17 




Table 6.35: Predicted EDL values for the 20/40 mesh white sand using Equation 5.34 showing 







EDL, % Error, % 
Measured Predicted Value Average 
20.7 0.253 4.1 88.98 90.04 1.19 
0.57 
20.7 0.284 4.0 89.52 90.63 1.24 
20.7 0.323 3.8 91.40 91.24 0.17 
20.7 0.470 3.4 93.01 92.81 0.22 
17.0 0.395 3.4 93.55 93.28 0.29 
20.7 0.397 3.6 92.20 92.15 0.06 
24.4 0.397 3.8 90.86 91.03 0.18 
21.9 0.374 3.7 90.86 91.51 0.71 
17.4 0.302 3.7 92.47 92.11 0.39 
19.5 0.302 3.8 91.94 91.37 0.61 
22.4 0.298 4.0 90.32 90.29 0.04 
27.3 0.299 4.3 89.38 88.60 0.87 
20.7 0.253 4.1 88.98 90.04 1.19 
23.6 0.248 4.3 87.63 88.83 1.36 
32.7 0.250 4.8 85.48 85.48 0.00 
 
6.4.2 Correlation Comparison to Published Correlations 
The predicted dune heights using Equation 6.32 were compared to the published correlation 
by Wang et al. (2003) shown in Equation 2.11. As highlighted in Section 2.2.6, the correlation by 
Wang et al. (2003) is the only published correlation which predicts proppant dune height by 
slickwater at applicable field conditions. Although both correlations have the same objective, they 
have some differences in the experimental and correlation development approach as shared in this 
section.  
The comparison was first conducted using the 30/70 mesh white sand data. One point was 
selected as an example to show how the comparison was accomplished. The example data point is 
for a slurry injected at a velocity of 14.5 ft/min and concentration of 1.00 ppg. The first step in 
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predicting EDL value by the Wang et al. (2003) correlation was to calculate the Reynolds numbers 
of the fluid, proppant and gravity and the correlation constants, c, n, and m. The gravity Reynolds 
number was calculated using Equation 6.33 and was found to be 625.0. The fluid and proppant 
Reynolds numbers were calculated using Equations 6.34 and 6.35 and were found to be 41,581.3 
and 5,009.3, respectively. The fourth Reynolds number was for the gravity of the fluid. It was 
calculated using Equation 6.36 and was found to be 8.8×10-4. The values of the other constants, c, 
m, and n, depend on the calculated Reynolds numbers. They were calculated as shown in Equations 
6.37, 6.38, and 6.39. 
 
Gravity Reynolds number, RG = × ( − ) × g × D  (6.33) 
Where  
RG  =  Gravity Reynolds number, Dimensionless 
ρf  =  Fluid density,  [ ] 
ρp  =  Proppant density,  [ ] 
D  =  Proppant median diameter, m [Length]  
g  =  Gravitational acceleration constant,  [ ] 
  =  Dynamic viscosity, �×   [ �× ] 
 
Substituting for the constants in Equation 6.33, RG becomes   RG = × − × . × . × −. = .   
 
Fluid Reynolds number R = × QW×  (6.34) 
Where  
 Rf = Fluid Reynolds number, Dimensionless  
Qf = Fluid volumetric flow rate,  [ ] 
 W = Fracture width, m [Length] 
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Substituting for the constants in Equation 6.34, Rf becomes   R = × . × −. × − × . = , .   
 
Proppant Reynolds number R = × QW × η  (6.35) 
Where  
 RP = Proppant Reynolds number, Dimensionless 
 Qp = Proppant volumetric flow rate,  [ ] 
 
Substituting for the constants in Equation 6.35, Rp becomes   R = × . × −. × − × . = , .   
 
Gravity Reynolds number for the fluid: = ×W / × √g (6.36) 
 
Substituting for the constants in Equation 6.36,  becomes   = .× . × − / × √ . = . × −   
 c = − . × − × ln RG + . × −  (6.37) c = − . × − × ln . + . × − = � . × −   
 m = . − . × − × − . × [ . − ln RG ] (6.38) m = . − . × − × . × − − . × [ . − ln . ] = .   




After the correlation constants were calculated, Equation 2.11 was used to predict EDL at 
the specified conditions. Since Equation 2.11 gives the fluid height (H) or the gap between the 
immobile dune and fracture top, some arrangements were needed to solve for EDL. Four steps 
were followed to calculate EDL as demonstrated in the below steps starting with Equation 2.11 to 
develop Equations 6.40, 6.41, and 6.42. Finally, EDL was calculated by the Wang et al. (2003) 
correlation for the 30/70 mesh white sand at 14.5 ft/min and 1.00 ppg to be 94.42%. The prediction 
shows a close value to Equation 6.32 prediction which is 95.40%. The 1.1% difference between 
the correlations predictions indicate some level of confirmation to the developed correlation in 
Equation 6.32 and the conducted lab work in this research project.  
 
Step-1: rearranging Equation 2.11 to solve for H, fluid height � = W× c × R × R  (6.40) 
 
Step-2: defining EDL in terms of fluid height  �DL = �δactuδe�height − �luid�height�δactuδe�height  (6.41) 
 
Step-3: substituting for the fluid height, H, from Equation 6.40, Equation 6.41 becomes, �DL = �δactuδe�height −W× c × R × R�δactuδe�height  (6.42) 
 
Step-4: substituting for the constants in Equation 6.42 to find EDL, �DL = . �inch − . �inch × . × − × , . . × , . − .. �inch = . % 
 
Further comparisons were conducted at the other 30/70 mesh white sand EDL values which 
showed higher and lower matching levels as presented in Table 6.36. The highest observed 
difference in EDL between the two correlations was 5.0% which is a considerable difference. Such 
variations in prediction is attributed to two main factors which could have resulted in opposing 
effects. The first one is the smooth surface fracture walls effect on the experimental data that Wang 
et al. (β00γ) used to develop their correlation. The smooth surface doesn’t account for the friction 
effect on proppant settling and could have resulted in lower EDL values. The second factor is the 
fact that they didn’t take the proppant shape factor into account as they used sand, ceramic, and 
Bauxite proppants data with only density as the differentiating factor.   
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Predicted EDL, % Difference, % 
Equation 
6.32 
Wang et al. 
(2003) Value Maximum Average 
12.4 0.425 94.86 93.81 1.13 
5.0 1.2 
12.4 0.477 95.07 93.99 1.18 
12.4 0.543 95.29 94.18 1.22 
12.4 0.670 95.65 94.47 1.28 
12.4 0.794 95.92 94.71 1.32 
12.4 1.084 96.38 95.12 1.38 
16.6 0.317 91.96 91.77 0.14 
16.6 0.405 92.58 92.24 0.32 
16.6 0.590 93.45 92.93 0.55 
16.6 0.803 94.11 93.46 0.70 
20.7 0.253 88.90 89.74 1.13 
20.7 0.323 89.71 90.32 0.83 
20.7 0.470 90.85 91.17 0.45 
20.7 0.766 92.18 92.19 0.05 
20.7 0.253 88.90 89.74 1.13 
23.6 0.248 87.13 88.64 2.00 
26.5 0.251 85.48 87.65 2.88 
32.7 0.250 81.85 85.53 5.04 
13.7 0.493 94.50 93.60 0.98 
16.6 0.498 93.07 92.63 0.45 
19.5 0.500 91.65 91.70 0.12 
26.1 0.503 88.43 89.69 1.62 
28.6 0.498 87.18 88.93 2.26 
31.5 0.498 85.78 88.11 3.02 
14.5 1.004 95.40 94.42 1.09 
16.1 0.991 94.69 93.93 0.85 
18.2 0.998 93.85 93.37 0.53 
20.3 1.003 93.01 92.82 0.19 
21.9 1.006 92.34 92.40 0.09 
26.1 1.007 90.67 91.35 0.85 
 
The correlations were also compared using the 100 mesh white sand EDL data. Table 6.37 
shows the predicted EDL values by each correlation and the comparison results. Interestingly, the 
100 mesh white sand showed much higher EDL variations than the 30/70 mesh white sand. As a 
matter of fact, the prediction by Wang et al. (2003) showed 30.1% higher EDL prediction in one 
of the data points while the other predictions showed higher EDL values than Equation 6.32. These 
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high variations indicate that the correlation by Wang et al. (2003) is not able to predict the 100 
mesh white sand with relatively low error values compared to the lab data.  
Analyzing the experimental data that Wang et al. (2003) used to develop their correlation, it 
was found that the smallest tested proppant size was 40/60 mesh. This might have affected their 
correlation prediction ability as the 100 mesh falls outside their experimental data. Table 6.38 
shows the tested proppant types and sizes used by Wang et al. (2003). For the 20/40 mesh sand, 
Wang et al. (2003) correlation showed the closest EDL values to Equation 6.32 as presented in 
Table 6.39. This is attributed to the higher number of large proppant samples used in their used 
data. In fact, only two tested samples have mesh size of 40/60 while the other 12 samples have 
sizes equal to or larger than 20/40 mesh. 
 





EDL Prediction, %, by Difference, % 
Equation 
6.32 
Wang et al. 
(2003) Value Maximum Average 
16.6 0.317 88.34 91.86 3.94 
30.1 8.0 
16.6 0.405 89.01 92.27 3.68 
16.6 0.590 89.98 92.88 3.33 
16.6 0.873 90.93 93.47 2.99 
20.7 0.253 83.53 89.96 7.72 
20.7 0.323 84.41 90.46 7.29 
20.7 0.470 85.68 91.19 6.67 
20.7 0.766 87.21 92.08 5.95 
20.7 1.069 88.19 92.67 5.52 
20.7 0.253 83.53 89.96 7.72 
23.6 0.248 80.53 88.91 10.58 
26.5 0.251 77.63 87.96 13.69 
32.7 0.250 71.23 85.94 21.62 
38.5 0.250 65.26 84.17 30.80 
13.7 0.493 92.09 93.56 1.58 
16.6 0.498 89.56 92.61 3.48 
19.5 0.500 87.00 91.69 5.60 
28.6 0.498 78.81 88.99 13.75 
31.5 0.498 76.19 88.19 16.87 
14.5 1.004 92.86 94.26 1.66 
16.1 0.991 91.54 93.77 2.64 
18.2 0.998 89.94 93.21 3.93 
20.3 1.003 88.33 92.66 5.31 
21.9 1.006 87.04 92.23 5.97 
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Table 6.38: Tested proppant and fluid properties used by Wang et al. (2003) for correlation 
development (from Wang et al. 2003). 
 
 





Predicted EDL, % Difference, % 
Equation 
6.32 
Wang et al. 
(2003) 
Value Maximum Average 
20.7 0.253 90.7 90.83 0.87 
1.7 0.6 
20.7 0.284 91.1 91.12 0.54 
20.7 0.323 91.6 91.43 0.21 
20.7 0.470 92.8 92.30 0.54 
17.0 0.395 93.5 93.05 0.25 
20.7 0.397 92.3 91.92 0.24 
24.4 0.397 91.1 90.83 0.21 
21.9 0.374 91.7 91.41 0.11 
17.4 0.302 92.5 92.36 0.27 
19.5 0.302 91.8 91.68 0.34 
22.4 0.298 90.7 90.71 0.47 
27.3 0.299 89.0 89.18 0.65 
20.7 0.253 90.7 90.83 0.87 
23.6 0.248 89.5 89.81 1.11 




CONCLUSIONS AND RECOMMENDATIONS 
7  
This PhD research project experimentally studied slickwater proppant transport in complex 
fractures with three main focus areas.  The first area evaluated slickwater proppant dune 
development mechanism and the effect of key parameters – slurry flow rate, proppant 
concentration, shape, size, and type – on slickwater proppant transport. The second area is related 
to experimentally studying and quantifying slickwater proppant transport in complex fractures. 
The third focus area was for the correlation development to predict slickwater proppant dune height 
at different slurry velocities, proppant concentrations, and sizes. The thesis conclusions are 
summarized in Section 7.1 and potential future research ideas are recommended in Section 7.2.  
 
7.1 Conclusions  
The results and achieved objectives in this PhD project are categorized into experimental 
study and correlations development. The conclusions are shared based on these two main 
categories as shown below: 
  Experimental study conclusions: 
1. Slickwater proppant dune development: 
a. Slickwater proppant dune undergoes four developmental stages, each of which has a 
distinct proppant transport mechanism, build-up rate, height, and dune shape. 
b. The proppant transport mechanisms observed during the dune development indicate 
grain size sorting occurs resulting in the formation of high and low grain layers. A 
proppant size distribution model was developed reflecting the grain size sorting effect. 
c. The dune development stages height and length depend on key controlling factors which 
include slurry velocity, fluid rheology, and proppant density, concentration, grain shape, 
median diameter, and size distribution.  
2. Slickwater proppant dune dimensions in the primary fracture: 
a. The developed dune in the primary fracture reached high EDL values exceeding 90% 
using the base case conditions and t all tested proppant sizes and types.  
b. More than 90% of the 30/70 mesh sand dune area lies in the first 50% of the dune length 
indicating that conductivity is substantially minimized at the second half of the dune. 
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3. Slurry velocity effect on slickwater proppant transport: 
a. Increasing slurry velocity has a positive impact on enhancing slickwater proppant 
transport due to the higher drag and lifting force caused by the higher velocity fluid. 
b. The EDL has a power law trend with slurry velocity for the 30/70 and 20/40 mesh sands 
indicating lower erosional effect at higher velocities. For the 100 mesh sand, EDL has a 
linear relationship with the slurry velocity.  
c. The power law trend is attributed to the higher fracture wall frictional effects at higher 
slurry velocities.  
d. A separate trend formed at slurry velocities lower than 12.4 ft/min showing a less slurry 
velocity erosional effect on the dune attributed to slurry achieving its critical velocity.  
4. Proppant concentration effect on slickwater proppant transport: 
a. Proppant concentration has a proportional effect on the dune equilibrium height. The 
increase of proppant dune with increasing proppant concentration is attributed to three 
reasons, higher particle-particle interaction, higher particle-wall interaction, and lower 
particle velocity due to their movement away from the flow center line. 
b. A power law trend was established when plotting EDL as function of concentration at 
constant slurry velocity for 100, 30/70, and 20/40 mesh sands.  
c. Higher slurry velocities showed larger effects of concentration on dune height.  
5. Proppant size effect on proppant transport: 
a. Lower proppant median diameter enhanced slickwater proppant transport attributed to 
their lower mass and both particle-particle and particle-wall interactions.  
b. The 100 mesh sand showed much better proppant transport performance than both 30/70 
and 20/40 which showed close EDL values.  
c. Decreasing the slurry velocity diminished the proppant size effect on proppant transport.  
6. Grain shape effect on proppant transport: 
a. The more angular sand, brown sand, showed better proppant transport ability in 
slickwater than the more rounded and spherical white sand. This better proppant transport 
with the brown sand is attributed to its higher surface drag coefficient resulting in higher 
fluid drag force.  




7. Fracture wall frictional effects on proppant transport: 
a. The fracture slot wall showed frictional effects on travelling proppant resulting in its
early settling and hindering slickwater proppant transport.  
b. The wall frictional effects are believed to be responsible for the dune curved shape as 
higher settling is taking place at the beginning and the settling continues to decrease as 
the slurry velocity increases with lateral dune height increase.  
c. The frictional effects of the fracture slot walls were quantified and found to increase with 
slurry velocity in a power law trend. 
8. Experimental data repeatability: 
a. The very high R2 of obtained power law and linear trends for more than 45 plotted 
experimental data indicates a high reliability of the experimental data and testing system. 
b. A statistical analysis using a 95% confidence interval on the base case data point showed 
a very small interval of 0.05% above and below the mean EDL value of 21.94 inches.  
9. Proppant transport in subsidiary fractures: 
a. Slickwater was able to transport 20/40, 30/70, 100 mesh proppant in secondary and 
tertiary fractures with high EDL values exceeding 97%. 
b. The four developmental stages forming in the primary fracture were observed in the 
subsidiary fractures but with different dimensions and build-up times. 
c. Secondary fractures that were closer to the primary fracture had much faster dune 
development while tertiary fractures showed twice the development times of secondary 
fractures. 
d. Further tertiary fractures are expected to require much longer time for proppant reach and 
dune development due to much slower slurry in their respective secondary fractures. 
e. Hindered settling proppant transport mechanisms were observed in all secondary 
fractures indicating the ability of proppant to turn the corner while travelling with 
slickwater. However, this mechanism was not observed in tertiary fractures.  
f. Fracture network complexity does not appear to be a major limiting factor for slickwater 
proppant transport as long as enough proppant is injected to develop the dune levels 
required to establish transport. This suggests that ramping to higher proppant 




 Correlation development conclusions: 
1. Five types of experimentally based correlations were developed to predict slickwater 
proppant dune height at a distance equal to 40% of the fracture height for different slurry 
velocities, proppant concentrations, sizes, and grain shapes.  
a. The first type are velocity based correlations which predict slickwater proppant dune 
height based on slurry velocity. 16 correlations were developed for this type for the white 
and brown sands at the 100, 30/70, and 20/40 mesh sizes and the tested proppant 
concentrations.   
b. The second correlations type are concentration based correlations that predict the 
proppant dune height at  specific velocity and different concentrations. 13 concentration 
based correlations were developed for the white and brown sands and the different tested 
proppant sizes and concentrations. 
c. The third and fourth types combine the velocity and concentration parameters in one 
correlation form giving more ability and applicability to the correlations predictions. 11 
V/C based correlations were developed for both for the brown and white sands at the 100, 
30/70, and 20/40 mesh sizes.  
d. The fifth developed correlation include the proppant median diameter as part of its 
dependent variables in addition to the slurry velocity and proppant concentration. This 
correlation is simpler to use and provides a much more capable correlation than the other 
types by predicting slickwater proppant dune height at any velocity, proppant 
concentration and size within the tested values for the white sand.  
2. All developed correlations showed very low error values with averages ranging from 0.17% 
to 0.76% compared to the lab data. These low error values signify the correlations high 
prediction accuracy based on the lab results.  
3. The fifth correlation showed to match closely with the only published correlation for 
slickwater proppant transport by Wang et al. (2003) at the 30/70 and 20/40 mesh sand sizes. 
However, the 100 mesh sand showed large variation attributed to the lack of small size 




7.2 Future Research Recommendations 
Slickwater proppant transport is a very important area in the hydraulic fracturing and has a 
wide research potential that is still not being fully addressed. More efforts are encouraged to 
develop a better understanding of proppant transport in unconventional reservoirs induced 
fractures. Below is a list of recommended topics for future research projects in this area: 
1. Study the effect of proppant density on proppant settling while keeping the proppant shape and 
size the same. This is important to understand the benefit of using ceramic type proppants 
compared to sand proppant from proppant transport prospective.  
2. Study slickwater proppant transport at different fluid densities to evaluate the effect and benefit 
of increasing the slurry density on proppant transport.  
3. Fluid viscosity has an enhancing effect on slickwater proppant transport. It is recommended to 
quantify this effect at a low range viscosity values (1-20 cp). 
4. Evaluate and quantify the proppant size distribution effect while keeping the median diameter 
constant. This helps in determining the proppant size controlling factors on proppant settling.  
5. Apply more complexity to the design and evaluate proppant transport to confirm observed 
results in this study.   
6. Quantify the effect of secondary fractures on proppant settling in the primary fracture by 
comparing settling with and without intersecting fractures.  
7. Evaluate the wall frictional effects on proppant settling by different rocks. This can be achieved 
by designing different slot wall roughness and evaluating the frictional effect of each one. 
8. Evaluate the erosional effect of smaller size proppants on larger ones and vice versa.  
9. Expand the developed correlations in this study to include the proppant density, fluid viscosity, 
and density parameters. 
10. Determine the minimum slurry velocity required for the proppant grains to turn the corner from 
the primary fracture into secondary fractures.  
11. Study the effect of having single point entry with the fracture network on slickwater proppant 
transport.  
12.  Evaluate the stress effect on slickwater proppant transport through testing various scenarios 




B  = Magnetic field strength, volt × s [ ×× � ] 
c = -2.30×10-4 ln(RG) + 2.92×10-3, Dimensionless 
C  = Proppant concentration, ppg [ ] 
Cv  = Proppant volume concentration, vol. % [ ] 
D   = Proppant diameter, mm [Length] 
e  = Induced voltage, volt [ ×× � ] 
EDLlab  = Lab measured EDL, % [ ]  
EDLpred. = Predicted EDL, % [ ] 
FB  = Buoyancy force, N [ ×� ] 
FD  = Drag force, N [ ×� ] 
FG  = Gravity force, N [ ×� ] 
Fnet  = Net force, N [ ×� ] 
ft  = Ft [Length] 
g   = Gravitational acceleration rate, 9.81  [ � ] 
g/cc = Grams/cubic centimeter [� ] 
H   = Fluid gap height, ft [Length] 
HA  = Height of section A of settled dune in the primary fracture, ft [Length] 
HB  = Height of section B of settled dune in the primary fracture, ft [Length] 
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HC  = Height of section C of settled dune in the primary fracture, ft [Length] 
HD  = Height of section D of settled dune in the primary fracture, ft [Length] 
HE  = Height of section E of settled dune in the primary fracture, ft [Length] 
Hf  = Fracture height, ft [Length] 
HTriangle C = Height of Triangle C, ft [Length] 
HTriangle D  = Height of Triangle D, ft [Length] 
HTriangle E  = Height of Triangle E, ft [Length] 
k  = Factor set-calibration factor,  [ ] 
Kg  = kilo-grams (1000 grams) [Mass] 
l  = Distance between the two electrodes, m [Length] 
L  = Proppant dune length, ft [Length] 
LA  = Length of section A of settled dune in the primary fracture, ft [Length] 
LB  = Length of section B of settled dune in the primary fracture, ft [Length] 
LC  = Length of section C of settled dune in the primary fracture, ft [Length] 
LD  = Length of section D of settled dune in the primary fracture, ft [Length] 
LE  = Length of section E of settled dune in the primary fracture, ft [Length] 
Lbs   = Pounds-mass [Mass] 
m = 1.2 - 1.26×10-3 × -0.428 × [15.2 – ln(RG)], Dimensionless 
m  = Meter [Length] 
MHVST  = Minimum horizontal velocity, ft/s [ ] 
min  = Minute [Time] 
mm  = Milli meter [Length] 
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n = - 0.0172 × ln(RG) – 0.120, Dimensionless 
N  = Newton [ ×� ] 
ppg  = Pounds-mass Per Gallons [V ] 
pptg  = Pounds-mass/1000 gallons [V ] 
Qf   = Fluid volumetric flow rate,  [ ] 
Qp   = Proppant volumetric flow rate,  [ ] 
R   = Grain radius, � [Length] 
Re   = Reynolds number, Dimensionless  
Rf   = Fluids Reynolds number, Dimensionless 
RG   = Gravity Reynolds number, Dimensionless 
RP   = Proppant Reynolds number, Dimensionless  
s  = Second [Time] 
Sf   = Shape factor, Dimensionless  S�    = Fluid specific gravity, Dimensionless S�   = Proppant specific gravity, Dimensionless 
V  = Slurry velocity, ft/min [ ] 
Vf  = Fluid velocity, m/s [ ] 
Vg   = Grain volume, �3 [�Length ] 
W  = Fracture width, ft [Length] 
Wc   = Concentration effect on fracture width, inch [Length]  
Weff   = Effective fracture width, inch [Length] 
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αL   = Linear equation intercept, Dimensionless 
αp   = Power law equation intercept, ×  [ ×� ]  
L   = Linear equation slope, 
×
 [ ×� ] 
p   = Power law equation Slope, Dimensionless   
   = Fluid gravity Reynolds number, Dimensionless 
ρf   = Fluid density,  [� ] 
ρg   = Grain density,  [� ] �   = Shields constant (Dimensionless critical shear stress), Dimensionless ∗   = Slurry shear velocity,  [ ] 
   = Settling velocity of the concentrated particles,  [ ] 
�   = Particle settling velocity,  [ ] 
Vtotal  = Total dune volume, m  [Length ] 
Vfrict.  = Dune volume settled due to friction effects, m  [Length ] 
Vno_frict. = Dune volume settled with no friction effects, m  [Length ] �   = Kinematic viscosity,  [ ]  
�o   = Shear stress, ×  [� �× ] �    = Critical shear stress, ×  [ �×� ] 




BPM = Barrel per minute 
DFA = Dune to fracture area ratio 
DFH = Distance to fracture height ratio 
DHFH = Dune height to fracture height ratio 
DTD = Dune to total Dune area ratio  
EDH = Equilibrium dune height  
EDL = Equilibrium dune level  
GPM = Gallons per minute  
P-1 = Primary fracture section that has no intersecting fractures  
R2 = Coefficient of determination  
RPM = Revolutions per minute  
S-1 = First secondary fracture 
S-2 = Second secondary fracture  
S-3 = Third secondary fracture 
SRV = Stimulated reservoir volume 
T-1 = First tertiary fracture 
T-2 = Second tertiary fracture  
TCF = Trillion cubic feet 







SI METRIC CONVERSION FACTORS 
 
Barrel  (bbl.)  ×  1.589873 E-01  = m3 
Ft   (ft)   ×  3.048  E-01  = m 
Gallon (gal.)  ×  3.78541 E-03  = m3 
Pound  (lbm.)  ×  4.53592 E-01  = Kg 
Inch     (in.)  ×  2.54  E-02  = m 
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PROPPANT DUNE VOLUME CALCULATION 
 
The friction effect was estimated by calculating the ratio of proppant volume settled due to 
friction to the total dune volume, as shown in Equation A-1.  
  �δiction�effect,% = settled�βδoββant�due�to�fδicitontotal�dune�volume ×  (A-1) 
 
The total dune volume, Vtotal, was calculated by first fitting an equation to the red curve 
bordering the dune surface as shown in Figure 4.12. Six points were measured along the dune 
surface where the x-axis represents the lateral distance from the fracture entrance and the y-axis 
represents the dune height. These points were used to find a best fit curve for each dune surface. 
After that, the equations were multiplied by the fracture width, 0.2 inches, and, then, integrated 
from distance zero to 12 inches to find the volume underneath the red curve. Equation A-2 was 
used to calculate the total dune volume.  
 V = ∫ [� x × . ]dx��������������������� (A-2) 
Where,    
 F(x) = the equation for the dune surface curve.  
 
Taking 20.3 ft/min as an example, Vtotal was determined as follows:  Y = − . × − �X + . �X − . �X + . �X + .  
Substituting for f(x) and integrating to find the total dune volume,  
V = ∫ [ − . × − �X + . �X − . �X + . �X + . �× . ]dx V = . �inch  
 
Settled proppant volume due to friction, Vfrict., was calculated by subtracting the volume 
below the dashed black line in Fig. 19 from the total dune volume, Vtotal. Since the dune shape 
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below the dashed black line has a constant width, height, and length, Equation A-3 was used to 
calculate its volume. This volume represents dune settled with no friction effect.  
 V _ . = � ×W× L (A-3) 
Where,  
  H  = Dune height measured at the fracture entrance  
  W = Fracture width, 0.2 inch 
  L  = Dune length, 12 inches  
 
Using the dune example at 20.3 ft/min, the volume of dune settled due to friction was found by 
subtracting Vno_frict. from Vtotal as shown below,  V . = V − V f ic . = . − . × . × = . �inch � 
To quantify the friction effect, Eq. A-1 was used as shown below, �δiction�effect,% = .. × = . % 
 
 
 
 
